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1985. Electrical resistance probe for detecting stored grain deterioration.

An electrical resistance probe to determine in situ the deterioration of stored grain caused by changes in moisture
content and insects and fungi wasconstructedandtested. Forwheatand canola, variabilityin indicatedmoisturecontents
due to differences among probes, probe fillings and compaction wasacceptable for such a spoilage detector. Decreasing
electrical resistances indicate loss ingrain quality resulting from increased moisture content, fungal growth orboth. The
probe does not detect grain deterioration resultingfrom insect infestation.

INTRODUCTION

A major concern during storage of
cereal grains and oilseeds is the possibility
of spoilage of the crops. If spoilage occurs
it is important to know the rate at which the
food is deteriorating. Ideally the storage
manager must be aware of the condition of
the stored crop at all times and the possible
need for instituting preservation treat
ments that could be increasingly costly
with passage of time. Thus, a sensitive
method of detection of incipient or ongo
ing deterioration of stored crops would be
a valuable aid to proper food storage man
agement. One possible method of detect
ing deterioration and moisture content in
bulk grain is to measure the electrical
resistance of the grain (Gough 1980;
Hawrysh 1982; Hodges 1983). The mea
surement of electrical resistance to deter

mine moisture content of grain samples is
used in some commercially-produced
meters. Resistance cells placed directly in
stored grain are also available commer
cially from at least one company in the
U.K. and one company in the U.S.A.

The purpose of this laboratory inves
tigation was to determine whether inex
pensive, simply constructed electrical
resistance probes could be used to detect
deterioration of stored cereal and oilseed

crops caused by changes in moisture con
tent and insects and fungi.

Figure 1. Electrical resistance probe; 152-mm long by 33-mm outside diameter.

DESCRIPTION AND OPERATION

OF PROBE

The probe consists of two electrodes
(Fig. 1). The outer electrode containing the
grain is a steel tube, 33 mm outside diam
eter, 127 mm long with 2.5-mm-diameter
perforations, providing 25% open area.
The inner electrode is a metal rod with the

ends threaded — 6 mm diameter, 152 mm
long — fitted coaxially in the tube. Both

ends of the probe were enclosed with
annular discs made from electrically
insulating plastic. One disc was fixed to
the end of the rod electrode; the other disc
slid freely along the rod. The grain in the
probe was compressed by the free disc as a
wing nut on the rod was tightened down on
a compression spring between the nut and
disc. The springs had lengths of about 23
mm uncompressed and 12.5 mm when
fully compressed. The spring constants
were approximately 11 N/mm. The spring
allowed for changes in volume of the grain
as its moisture content changed.

Grain was placed between the elec
trodes until the level came to within about

10 mm of the edge of the outer cylinder.
The mass of grain used to fill the probes
was not measured or kept constant for each
filling. The sliding plastic disc was fitted
inside the outer cylinder and in contact
with the grain. The compression spring
was then tightened down to about one-half
full compression.

The electrical resistance of the grain in
the probe was measured by wiring the con
centric electrodes in parallel with a 20-Mii
resistor. Initially, the probes were con
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nected to the resistance meter with two-

wire, shielded, coaxial cable following the
recommendation of Gough (1980). Even
tually non-shielded 20-gauge braided cop
per wire was used, without any appre
ciable deterioration in probe performance.

The resistance of the grain was calcu
lated by:

«G =Rp/((Rp/RT) - 1) (1)

where RG = resistance ofgrain (ft),Rp =
resistance of parallel resistor (ft), and
,/?T = total resistance (ft).

GRAIN COMPACTION

Method

The purpose of this test was to deter
mine the effect of variations in tightening
of the compression nut, and the effect of
hysteresis during decompression.

Clean, hard spring wheat was adjusted
to 13.8% and 18.2% moisture content. The

wheat was loaded into the probe and the
plastic compression ring was put into
place. The initial reading was taken when
tightening of the top nut brought the grain,
disc, spring and nut into contact. The top
nut was then tightened, one turn at a time,
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with resistance readings obtained after
each revolution. This compaction pro
cedure was then followed by loosening the
nut, one turn at a time and again taking
resistance readings after each revolution.
Before each resistance measurement was

taken the probe was embedded in grain at
the same moisture content.

Results

Within the compaction range of 1-5
turns of the wing nut the coefficients of
variation ofthe logarithms ofthe measured
electrical resistances were 1.7% for wheat

of 13.8% moisture content and 1.8% for

wheat of 18.2% moisture content. Thus
within this operating range of 3 ± 2 turns,
the standard deviations due to variations in

applying the compression were less than
±0.3 percentage points of moisture con
tent. In all other probe tests, three turns of
the wing nut were made during filling.

Once the spring was fully compressed
(six to seven turns of the nut), a rapid
decrease in measured resistance occurred

as the grain absorbed all the movement of
the wing nut (Table I). Readings became
more erratic and increased with time dur

ing this increasing deformation and com
paction of the grain. A hysteresis effect
was evident as the resistances measured

during decompression were consistently
lower than those during compression. This
effect also indicates viscoelastic behavior

resulting from irreversible inter-granular
packing and intragranular compression
during the tightening of the nut.

REPRODUCIBILITY

Method

The reproducibility of five sensors was
tested at 23°C with wheat at 14.7%

moisture content and canola at 9.1%. Each

probe was tested three times for each crop.
After filling, the probes were embedded in
a container of 5 kg ofthe same crop used to
fill the probe so as to simulate in situ mea
surements in a grain bulk. Resistance read
ings were taken when the readings levelled
out 20 sec after the current was first

applied.

Reproducibility within probes
The coefficients of variation (CV) ofthe

natural logarithms of resistances obtained
from the repeated filling runs with each
sensor were uniformly small (<1.0%)
(Table II). Such small variation would
seem to indicate that operator and instru
ment variability were relatively minimal
among replicated samples of one moisture
content.
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TABLE I. ELECTRICAL RESISTANCE t OF WHEAT IN PROBES
DURING COMPRESSION AND DECOMPRESSION

Wheat (13.8%
moisture content)

Wheat (18.2%
moisture content)

Turns

of

nut
Compression Decompression Compression Decompression

0 22.22 15.64
1 22.36 15.64
2 22.01 15.56

3 21.62 15.40
4 21.86 15.27

5 21.52 15.18 14.16
6 21.72 20.16 15.04 14.12
7 21.44 20.20 14.88 13.75
8 21.32 20.20 14.80 13.70
9 20.68 20.06 14.61 13.44

10 20.62 20.00 13.96 13.06
11 20.20 19.92 13.34 12.76
12 20.01 19.87 11.80 11.80
13 19.33 19.33

f Natural logarithms of electrical resistance, mean of two replications.

TABLE II. REPRODUCIBILITY OF ELECTRICAL RESISTA1VCE DATA
OBTAINED WITH PROBES IN TWO CROPS

Natural logarithm of electrical resistance

Probe Wheat (14.7%) Canola (9.1%)
number *t SD CV(%) jet SD CV(%)

1 17.86a 0.107 0.6 \1.19ab 0.050 0.3
2 18.10afc 0.159 0.9 18.16c 0.045 0.3

3 17.77a 0.089 0.5 \S.05bc 0.133 0.7
4 17.71a 0.078 0.4 17.70a 0.181 1.0

5 18.20/? 0.158 0.9 MMabc 0.010 0.1

Total variability 0.123 0.7 0.104 0.6

t Mean of three replicate measurements.
a-c Means followed by the same letter are not significantly different (^ = 0.01) by Tukey's test.

Reproducibility among probes
Coefficients of variation for measure

ments with different probes were 0.7% for
wheat and 0.6% for canola (Table II).
Because moisture content of the grain is
inversely proportional to the logarithm of
resistance, coefficients of variation for
logarithms of resistance can be applied
directly to calculated moisture contents.
Thus, for wheat of 14.7% moisture content
the total variability corresponded to less
than 0.15 percentage points of moisture
which is acceptable for a practical sensor
even though statistical analysis indicated
significant differences (/> = 0.01) among
probes (Table II).

MOISTURE CONTENT-

ELECTRICAL RESISTANCE

RELATIONSHIP

Method

Gough (1980) demonstrated that the
natural logarithm of electrical resistance of
grain is inversely proportional to the
moisture content of the grain. To deter
mine the relationships for our probes No. 2
Canada Western red spring wheat (Tri-

ticumaestivum 'Neepawa') was artificially
tempered to 11 levels of moisture content
ranging from 9.6 to 21.1%. No. 1 Canada
canola (Brassica napus 'Regent') was
tempered to five levels of moisture content
ranging from 7.8 to 10.2%. (Similar wheat
and canola was used in all other experi
ments unless noted otherwise.) Moisture
contents were determined by a standard
oven drying method (Anonymous 1983a)
and expressed on a wet-mass basis. The
electrical resistance of each lot of wheat

and canola was determined in two trials

with two probes at 23°C.

Results

Regression equations for the rela
tionships between electrical resistance and
moisture content determined in the present
experiment were for wheat (r2 = 0.96):

W = 32.96 - 1.04 In/? (2)

and for canola (r2 = 0.97):
W = 20.77 - 0.65 In/? (3)

where W = moisture content, wet mass
basis (%) and R = electrical resistance
(O).

Moisture contents measured by oven-
dry method deviated from those calculated
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Figure 2. Electrical resistances at 23°C of wheat and canola in a cylindrical probe 33 mm in
diameter and 127 mm long. Each point is a mean of two measurements with each of
two probes.

with the equations by a maximum of 0.9%
for wheat and 0.2% for canola (Fig. 2).

TEMPERATURE

Method

Temperature can have significant im
pact on the electrical resistance of grains
(Brockelsby 1951; Hlynka et al. 1949). To
determine the temperature effect on the
probes the electrical resistance of No. 1
Canada utility wheat (cv. Glenlea) was
measured at temperatures of -15.0,
-5.0, 2.5,10.0 and 22.5°C and moisture
contents of 11.9, 14.0, 14.8, 15.3, 16.4,
17.8 and 20.7%. Testing started in a room
at - 15.0°C and each 20-L lot of wheat at

the eight moisture contents was tested
before being moved to the room with the
next higher temperature. Measurements of
electrical resistance were begun when the
measured temperatures of the grain
reached room temperature. Probes were
filled and electrical resistances were deter

mined in the standardized method de
scribed previously. At each temperature
the resistance of each lot of grain was mea
sured nine times with three probes. The
multimeter and parallel resistor were
maintained in an adjacent room at 22°C.

After each test the moisture content ofeach

lot of grain was determined by a standard
oven dry method (Anonymous 1983a).

Results

For all moisture levels except 20.7%
the natural logarithms of resistance
increased linearly as temperature de
creased. Linear relationships have also
been noted in tests of wood (Fensom 1960)
and soil (Harlan et al. 1971)and agree with
the theoretical calculations of Fensom

(1966). Variability was least at mid-
moisture contents of 14.0,14.8 and 15.3%
where regression coefficients (r2) were
0.99. Regression coefficients decreased at
lower (r2 = 0.93 at 11.9%) and higher
moisture contents (0.96 at 16.4%, 0.84 at
17.9% and 0.30 at 20.7%). Increased vari
ability at higher and lower moisture con
tents may be related to the sigmoid shape
of the equilibrium moisture content curves
for wheat (Anonymous 1983b).

The slopes of the regression lines for
the different moisture contents (except
20.7%) were not statistically different.
Thus, under our experimental conditions,
moisture content did not affect the rate at

which the logarithm of resistance changed
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with temperature. Harlan et al. (1971)
noted a similar pattern when working with
soil resistances.

Multiple regression analysis of the data
(excluding 20.7% moisture content data)
yielded the following relationship among
moisture content, temperature and elec
trical resistance (with r2 = 0.83):

W = 58.65 - 0.1027 - 0.955 In/? (4)

where T = temperature (K). The coeffi
cient for temperature, 0.102, was close to
the value of 0.104 determined by
Brockelsby (1951) for English wheat.

In highly hydrated systems, such as soil
and plant tissues, rapid increases in resis
tance have been noted as free water in the

samples turned to ice at 0 to —3°C (Calder
et al. 1966; Harland et al. 1971). The
moisture in wheat up to 20% moisture
content is bound to the dry matter of the
kernels and does not freeze above - 30°C

(Muir and Viravanichai 1972). Thus there
was no inflection point in the curves at or
below 0°C. The erratic electrical resis

tances for 20.7% moisture content may
have been partially due to the less definite
binding of water in the transition zone
around 20 to 23% moisture content (Muir
and Viravanichai 1972).

INSECT INFESTATIONS

Method

To determine the effect of insect

infestations on the electrical resistance of

wheat, five probes were filled with wheat
at 13.7% moisture content. Each probe
was then placed in a cardboard drum filled
with 4 kg of wheat at the same moisture
content. Holes, covered with filter paper,
were cut into both the tops and bottoms of
the drums to allow for ventilation. Five-

hundred adult red flour beetles (Triboliwn
castaneum (Herbst.)) were introduced into
three of the five drums. The beetles could

enter the grain mass in the probes through
the perforated outer wall of the probes.
Two drums without insects were non-

infested controls. Probe leads were

directed through holes in the lids of the
drums and any remaining spaces were
plugged with a clay sealant. The drums
were incubated at 32.8°C for 30 days. This
incubation period corresponds to about
1 • 5 generations for T. castaneum (Howe
1956). Electrical resistances were mea
sured at 2- or 3-day intervals without dis
turbing the incubation environment by
leading the probe wires out through a
small hole in the cabinet door.

Results

At the end of the experiment many red
flour beetle adults and larva were visible

throughout the grain in the infested treat-

75



20.5

c

LU
o
z
<
I-
co

CO
LU
cc

* T. Castaneum infested (n - 3)

x Control (n = 2)

20.0

19.5-

S2 19.0 -
<
o

cc
\-
o
LU
-I
LU 18.5.

0 12 18 24

INCUBATION TIME (days)

30

Figure 3. Electrical resistances of insect-infested and non-infested wheat in a cylindrical probe.

ments. There was considerable insect

damage to the wheat, both inside the
probes and in the surrounding grain. The
differences in electrical resistance

between infested and uninfested wheat

were small relative to the increases in

resistance for both treatments due to dry
ing of the wheat from 13.7 to 12.9%
moisture content during incubation (Fig.
3). This moisture loss from wheat in both
the insect infested and control drums

occurred through the ventilation openings
required to supply oxygen to the insects.
Hodges (1983) found that the electrical
resistance of probes containing brown rice
highly infested with four insect species
increased rapidly only after 35 days of
incubation. Thus the probes are not suffi
ciently sensitive to insect damage to be a
reliable indicator of low levels of infesta

tion but possibly may be used to indicate
heavy infestations (Hodges 1983).

FUNGAL INFECTION

Method

To determine how growth of fungi on
grain in the probe affects electrical resis
tance, wheat was conditioned to 13.6 and
18.3% moisture contents. Six probes were
filled with wheat of each moisture content.

Each probe was placed in a plastic con
tainer filled with 4 kg of grain of the same
moisture content. The containers were

then wrapped in plastic to prevent
moisture loss. Two containers of each

moisture content were placed in rooms
held at 2.5, 22.0 and 33.8°C. Electrical
resistance readings were taken at 24-h
intervals. The condition ofthe grain within
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the containers was measured at the end of

the 16-day test period.
The experiment was designed to test the

effect of fungal growth in two ways. First,
the two moisture content levels were

selected so that in one treatment (18.3%
moisture content) moisture conditions
would be suitable for fungal growth while
the other treatment (13.6% moisture con
tent) fungal growth would be slow.
However, this form of control is compli
cated because electrical resistance varies

with moisture content. To deal with this

problem three temperature regimes were
selected, so that one of the temperatures
(2.5°C) would be low enough to inhibit
fungal growth, while the other two tem
peratures (22.0 and 33.8°C) would result
in different rates of fungal growth.
However, this strategy is complicated by
the effect of temperature on electrical
resistance.

Results

Moisture contents increased slightly to
13.7% for the low-moisture content treat

ments and decreased slightly to 18.0% for
the high-moisture content treatments. One
of the probes (2.5°C and 18.3% moisture
content) yielded erratic results throughout
the test and these data are not reported.
Resistances of the low-temperature
(2.5°C), low-moisture-content (13.6%)
treatments were too high to be measured
accurately with the monitoring system.

Throughout the 10-day test the log
arithms of the electrical resistances of the

13.7% moisture content treatment at 22.0

and 33.8°C remained within ± 1% of the

initial values and those of the 18.3%

moisture content treatment at 2.5°C

remained within ± 2%. There were no vis

ible signs of fungal growth in any of these
control treatments.

By the end of the test the 18.3%
moisture content wheat at 22.0 and 33.8°C

had significant fungal growth, both in the
container and within the probe. The elec
trical resistances decreased by 10% within
7 days at 22.0°C and by 13%within 4 days
at 33.8°C. These values then remained

constant until the end of the 10-day test
period.

A similar effect of reduced electrical

resistance with fungal growth has been
found with wood (Skutt et al. 1972; Tattar
et al. 1972) and potato tubers (Greenham
and Muller 1956). Fungal growth increases
the concentrations of mobile ions (mainly
K + and Ca +) in the invaded tissues
which may lead to a decrease in the mate-
rial's electrical resistance (Shigo and
Sharon 1970). Alternatively, the highly
hydrated mycelial network may aid in the
conduction of electricity.

DISCUSSION

Coefficients of variation among probe
fillings (<^1.0%) and among probes
(0.7%) were sufficiently small to suggest
that readings are relatively insensitive to
construction and operation of the probes.
Similarly limited variations of ± 2 turns in
tightening the wing nut are allowable.

For both an oilseed (canola) and a
cereal grain (wheat) there was an inverse
relationship (with r2>0.96) between
moisture content and the natural logarithm
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of resistance. Although the natural log
arithm of resistance was also inversely
proportional to temperature the probe was
more sensitive to moisture content. A tem

perature change of about 10°C was
required to cause a change in electrical
resistance equivalent to a moisture content
change of 1%.

For wheat within the moisture content

range of 12-18% wet mass basis and at
constant grain temperatures increasing
electrical resistance is a good indicator of
decreasing moisture content. Decreasing
electrical resistance of probes placed in
stored grain can indicate a possible grain
deterioration problem caused by increased
moisture content or fungal growth or both.
Deterioration caused by a low level
infestation of insects can not be detected
by electrical resistance measurements.
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