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Abstract

Moisture as an important influence factor on fungal growth needs to be considered for service life prediction of wood and wood-based products.
Therefore, a long-term moisture measuring and data logging method for wood in weathered conditions was developed. The method is based on
measuring the electrical resistance with glued electrodes for sustainable connection. The measuring point at the tip of the electrodes was glued
conductively into the wood, the remaining outer part of the electrodes was glued with an isolating glue. For this purpose, special conductive and
isolating glues and electrodes were developed and comparatively evaluated in laboratory tests. The most suitable system consisted of a 2k-epoxy resin,
serving for the isolating glue and also as conductive glue (when mixed with graphite powder and ethanol) in combination with a partly isolated stainless
steel cable, acting as both, electrode and cable. This system was further tested in combination with mobile mini data logger at 29 different exposure sites
in Europe and the United States. After 4-6 years of natural weathering with many extreme climatic and moisture changes, no loosening or other
detectable abnormality in 541 pairs of electrodes was observed. The data logging systems were working without any problems for 5 years with the first
and only battery, and without any additional maintenance. For the calibration of the measuring system, resistance characteristics were determined for
different provenances of Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies Karst.), and Douglas fir (Pseudotsuga menziesii Franco). r 2007

"Elsevier Ltd. All rights reserved.
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metal to produce a sustainable mechanical adhesion to the

1. Introduction
i wood cells. Consequently, the electrodes do not maintain

Service life prediction of wood is required by more and more
building ‘codes worldwide [1] and thus methods for the
quantification of decay influencing factors are sought. The
-‘wood moisture content (MC), the wood temperature, and their
dynamics can be expressed as the ‘‘material climate’” of wood
(1], which directly determines the service life of wooden
‘co‘mponents. -‘Moisture has an essential influence on fungal
-growth -and is for this reason an important factor for the
prediction of service life of wooden constructions [1,2].
Against this background, it is advisable to measure and record
-the electrical resistance in the inner part of wood exposed to
weather over a long period of time to determine moisture [3,4].
The MC can be measured by metal electrodes

E-mail address: brischke@ibw.uni-hannover.de (C. Brischke).
which are incited in the wood. A problem is the inability of

electrical contact due to the swelling and shrinking of wood
[5,6]. Especially in long-term measurements, two types of
errors are conceivable [7]:

1 A lower resistance is measured because of the entry of

water in the capillary interstices along the electrode.
2 A higher resistance is measured because of the

decreasing contact pressure between electrode and wood
resulting in its loosening.

The capillary water uptake can be avoided by gluing the upper
part of the electrode in the wood [8]. However, this does not
prevent the most important measuring point at the tip of the
electrode from declining contact. As a consequence, a

sustainable and isolating connection
0360-1323/$ -see front matter r 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/;.buildenv.2007.10.002
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METHOD OF MEASURING MOISTURE
CONTENT OF DIELECTRIC MATERIALS

BACKGROUND OF THE INVENTION

The present invention relates to the measurement of
moisture in materials which broadly could be consid-
ered as dielectric in their propeties. More specifically, it
relates to the determination of moisture by measure-
ment of the impedance of the dielectric material at dif-
fering alternating frequercies. Provision is made for
correcting errors introduced because of temperature
variation and variation in the nature of the dielectric
material itself. The method is particularly well adapted
for measurement of the moisture content of wood.

It is important to control the moisture content of
many materials having dielectric properties. Grain can
serve as one example. If the moisture content of stored
grain is too high, mold growth and ultimate spoilage
can result. Wood is another material in which moisture
should desirably be controlled within specified limits
which depend upon the ultimate application. Wood
intended for construction framing should desirably
have a moisture content below 20% to minimize fungal
attack. Finish lumber, such as that used for trim and
moldings, normally is specified with moisture contents
at or near those which will be in equilibrium with the
ultimate environment. This is typically in the 7-10%
range. Wood which is to be adhesively bonded or lami-
nated is normally dried to moisture contents of 12% or
below.

Through the years, a number of nondestructive mois-
turemeasuring methods have been developed. Most of
these depend upon some electrical property of the mate-
rial being measured. The earliest instruments for mea-
suring the moisture content of wood determined its
electrical resistivity by passing a direct current through
it. Handheld moisture meters were soon developed so
that moisture content could be readily estimated in
either the manufacturing plant or in the field where the
product was being used. These normally comprise a
pair of pins or needles of predetermined size and spac-
ing which are driven into the wood along the grain
direction. The needles are connected to a direct current
source and a megohmeter, which is precalibrated to
give a direct estimate of moisture content. Similar me-
ters have been developed for measurement of the mois-
ture in many other materials.

Another type of meter was developed somewhat
later that did not depend on making direct contact with
the material. These are typically capacitively coupled.
They are suitable for use on conveyor lines in a manu-
facturing plant, and are often used in conjunction with
ancillary equipment which can mark or reject high
moisture samples for later redrying. Internal impedance
is the property most commonly measured. In many
cases the internal resistance is by far the most important
component of the impedance. Thus, many of the non-
contact meters are similar to the direct-current meters
in their use of resistivity to estimate of moisture content.

In the case of wood, resistivity is an almost ideal
parameter to measure because of its great variation with
relatively small differences in moisture content. The
resistance of Douglas-fir at 27° C., using needle elec-
trodes 3.1 cm apart and driven into a depth of 0.8 cm,
drops from about 22,400 megohms at 7% moisture con-
tent to 0.60 megohms at 24% moisture. Accuracy below
this moisture range begins to fall off because of the
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difficulties in measuring very high resistances. Accu-
racy also is decreased as the fiber saturation point of the
species is approached. No satisfactory instrumental
method is yet in use for accurate estimation of moisture
content of solid wood members above the fiber satura-
tion point.

The noncontact moisture meters vary considerably in
their mode of operation. The most common ones for
measuring the moisture content of a dielectric material
capacitively couple the material into one arm of a
bridge circuit. The bridge unbalance is then measured as
two alternating frequencies are impressed across the
bridge, either simultaneously or sequentially. These
alternating current signals are then filtered into the
original component frequencies and rectified to pro-
duce DC analog signals. The resultant voltages are a
function of the ratio of change in voltage drop across
the test capacitor which correspond to each frequency,
when the material being tested is located between the

plates of the capacitor. Most typically, the estimated

moisture content is calculated from the analog voltages
by dividing the higher frequency component by the
lower frequency component with the inclusion of ap-
propriate constants. Exemplary meters of this type are
shown in the patents to Davidson U.S. Pat. No.
3,155,899; Walls U.S. Pat. No. 3,155,902; Baird U.S.
Pat. No. 3,241,062; and Liu U.S. Pat. No. 3,255,412.

In U.S. Pat. No. 3,155,902, Walls notes a number of
deficiencies in capacitively-coupled moisture meters. A
number of these relates to the imnternal stability and
calibration of the electronic component. Two others are
a result of uncontrolled outside influences. Walls notes
that the measurement is not independent in the position
of material between the capacitor plates. He further
notes that the measured moisture content has a tempera-
ture dependency. However, the inventor offers no solu-
tions for either of these problems. Perry, in U.S. Pat.
No. 3,339,137 and 3,354,388, shows a noncontact meter
that overcomes the position problem by using opposed
electrodes having a fieldfree region between them. His
electrodes are at equal voltage and polarity. This system
provides compensation for positioning and it is essen-
tially immaterial where the dielectric is located in the
void space between the electrodes,

Baird, in U.S. Pat. No. 3,241,062, shows a relatively
complex system of temperature compensation. This
involves a sensor and associated circuitry which uses a
servomotor to adjust a series of potentiometers control-
ling the output voltage of one of the oscillators. A major
problem with this system is the lag time associated with
electromechanical system.

One problem appears to be as yet unaddressed. A
given moisture meter is normally calibrated so as to
work only on a specific dielectric material. Even in the
measurement of wood moisture content there is uncom-
pensated variation from species to species. Meters are
normally calculated on the basis of coastal Douglas-fir.
If, for example, a meter so calibrated is used on pine or
hemlock, somewhat different moisture readings will be
indicated even though the moisture content of all sam-
ples is identical.

The present ivention comprises a method for measur-
ing the moisture content of dielectric materials which
has an internal electronic compensation for the temper-
ature and nature of the dielectric material being mea-
sured. It is of the general type which employes a plural-
ity of alternating current signals of different frequencies
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impressed across a bridge circuit into which the sample
material is capacitively coupled.

SUMMARY OF THE INVENTION

The present invention is 2 method of measuring the
moisture content of a moisture-containing dielectric
material. This is accomplished by capacitively coupling
the material into at least one bridge circuit and measur-
ing the resulting bridge unbalance at each frequency
when an alternating current having at least two super-
posed frequencies is applied across each bridge circuit.
Within the restrictions imposed by the current state of
the art in electronic circuitry, any number n of super-
posed alternating current frequencies may be applied
across the bridge, where n is equal to or greater than 2.
Normally two frequencies will give excellent results
although resolution is improved with higher numbers of
frequencies. The bridge unbalance is determined at each
frequency and the AC unbalance voltage at each fre-
quency is converted into a direct-current voltage signal.
Simultaneously, the temperature of the material is mea-
sured. The direct-current voltages and the voltage ana-
log of the temperature are entered into an algorithm of
the following form which can then be solved to display
a temperature-corrected moisture content

n n n
MC = Ao(T) + ,Zl Bi(D Vi + ,,211_2I Ci (D VY
i= =1j=

where MC is moisture content, Ao(T), B{T), and Ci(T)
are all polynomial functions of temperature where n is a
“whole number equal to or greater than 2, and V;and V;
" are the direct current amplitudes of the ith and jth fre-
quency components.

Accuracy is improved when there is a significant
separation between each of the frequencies employed.
‘When only two frequencies are used, it is desirable that
they be different by at least a factor of 10. With wood as
.a dielectric material, excellent results are obtained when

“the lowest frequency is equal to or less than 1 kHz and
the higher frequency is equal to or greater than 10 kHz.
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" The algorithm to determine moisture content may be

solved manually, but it is preferred that the data be
entered into a computer such as a microprocessor
which gives moisture content as an output on any con-
venient type of display system.

The nature of the dielectric material will affect the
indicated moisture content. Regardless of the material
used to calibrate the meter initially, it is within the
scope of the present invention to provide simple equa-
tions which can compensate for the particular dielectric
being measured. For example, appropriate algorithms
can be programmed into a microprocessor to correct
the initially computed temperature corrected moisture
on a given dielectric substance to an actual moisture
value, even though the meter was originally calibrated
on another dielectric material.

A preferred method uses at least one measuring head
in which a pair of coupling electrodes are arranged in a
side-by-side relationship. Each electrode is in parallel
with a capacitor in one leg of a bridge circuit, with a
separate bridge circuit being supplied for each elec-
trode. These bridge circuits are provided in a balanced
push-pull arrangement. For many types of dielectric

‘material; e.g., lumber, it is desirable to supply 2 plurality
of measurement heads in a parallel arrangement. In this
way the material is sampled at a number of locations.
Circuitry can be supplied so that each individual head
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can give a moisture readout, or the readouts from the
heads may be averaged. The latter method is the one
that will normally be used, although individual readouts
can supply an indication of moisture variation within
any given sample.

The method of the present invention will often be
used when the material being measured is passing by a
series of heads arranged above a conveyor line. To
again use the example of lumber, the moisture content
of each board will be individually measured. Boards in
which the moisture content is above or below a preset
range can be mechanically rejected from the line or
printed with an indicator dye so that they can be manu-
ally removed at some remote location.

Where the sensing heads are located over a conveyor
line which is transporting individual dielectric objects
to be metered it is convenient to have a detection means
in advance of the heads which signals that a new sample
is entering the metering zone. Where the samples are of
variable size, such as is typical of lumber in a sawmill, a
material detection means may be present before each
metering head in the assembly. In this way, the circuitry
can be arranged so that only those heads which will be
fully coupled to the material will be activated. Any
heads which are not fully coupled can be disabled or
deactivated in some manner so that their outputs do not
enter into an averaged value.

It is further beneficial to include a second material
detection means immediately following the measuring
heads to indicate when the material has moved from the
zone in which is it effectively coupled to the heads. This
means can send a signal to the microprocessor indicat-
ing that the sample has moved from the measuring zone,
whereupon the microprocessor can be electronically
reset to be ready for measuring the next object which
enters the metering zone.

It has been found that when a side-by-side electrode
arrangement is used in which the electrodes form part
of a capacitive leg of balanced individual bridge cir-
cuits, the meter is relatively insensitive to variations in
distance between the electrodes and material being
measured.

It is an object of the present invention to provide a
method for measuring the moisture content of moist
dielectric materials which has improved accuracy over
methods hereto available.

It is another object to provide a method for measur-
ing the moisture content of dielectric materials which
compensates automatically for the temperature of the
material being measured.

It is a further object to provide a noncontact method
of measuring moisture content of materials which is
tolerant of variations in the distance between the mate-
rial and the measuring head.

It is yet another object to provide a method for mea-
suring the moisture content of materials which provides
compensation for the dielectric characteristics of the
specific material being measured.

It is still another object to provide a method for accu-
rately measuring the moisture content of individual
discreet objects passing by a metering station located
adjacent to a conveyor line.

These and many other objects will become readily
apparent upon reading the detailed description of the
invention when taken in conjunction with the attached
drawings.



4,580,233

5

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a block diagram showing the signal genera-
tion section of the moisture meter.

FIG. 2is a block diagram showing the metering brid-
ges and the signal processing section of the meter.

FIG. 3 is a graph showing the variation in apparent
moisture content with changes in temperature.

FIG. 4 shows the electrical equivalent of the sample
as it is seen by the measuring electrodes.

FIG. 5 is a diagrammatic arrangement showing a
piece of lumber passing beneath a plurality of sensing
heads.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The following detailed description will use wood as
an example of a dielectric material whose moisture
content is being measured. It will be apparent to one
skilled in the art that the method to be described would
be suitable for many different types of dielectric materi-
als which tend to absorb moisture. Among these might
be grains, starches, sugar, tobacco, fabrics of various
types, etc.

Reference to FIG. 1 shows the signal generation
section of the moisture meter. The single oscillator
employed is a 40-kHz square wave generator. A signal
is sent through a first divider which divides the signal
produced by a factor of four to produce a 10 kHz output
signal. The 10 kHz signal is split and a portion serves as
the input to a second divider which divides by a factor
of 32 to produce an output having a frequency of 312.5
Hz. Both the 10 kHz and the 312.5 Hz signals are di-
rected to wave-form shapers which remove the har-
monic content and deliver an output wave form which
is essentially sinusoidal. The wave form shapers are
basically low-pass filters designed to pass the selected
frequencies. The output of each of the low-pass filters is
trimmed to provide a 10-volt peak-to-peak signal. These
two signals are then combined in an adder to produce a
complex wave which is now 20-volts peak-to-peak. The
combined frequencies are finally passed through a buf-
fer/phase inverter which delivers a push-pull output
signal to the measuring bridges.

The output from the signal-generating section is de-
livered to two push-pull bridge circuits. As seen in FIG.
2, the first bridge comprises resistors Rj and R3 on one
side of the bridge and capitators C; and Cz on the other
side of the bridge. The second bridge circuit comprises
equivalent resistors R3 and R4 on one side and capaci-
tors Cj3 and Cs on the other side. Measuring electrode
M; is arranged in parallel with capacitor Cy, while mea-
suring electrode M; is in parallel with capacitance Cy.
The output of the first bridge is entered the first of a
matched pair of differential amplifiers, here designated
A. The output of the second bridge enters an equivalent
differential amplifier B. The output of these differential
amplifiers forms the input for a third differential ampli-

fier designated C. The output of amplifier C will still be_

a complex wave form containing components from the
original 10 kHz and 312.5 Hz input signals. The individ-
val components at each frequency will reflect the unbal-
ance in the bridge circuits respectively caused by the 10
kHz and 312.5 Hz input signals.

The output of the final differential amplifier is di-
rected to a pair of filters which separate the individual
frequency components from the complex alternating
current wave. The results are again individual signals at
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10 kHz and 312.5 Hz which are not somewhat dimin-
ished over their original amplitude. These are now rec-
tified to produce direct current voltages which can be
continuously compared with DC reference voltages
reflecting a balanced condition. The DC currents are
now directed through sample and hold circuits from
which point they enter a microprocessor.

There are normally two other inputs into the micro-
processor. One is from a temperature sensor which
determines the temperature of the material being mea-
sured. This sensor can be a thermistor, infrared detec-
tor, or one of the other sensing means well known in the
art. Its output is typically a voltage analog. Finally,
another input to the microprocessor is an analog volt-
age signal related to the nature of the dielectric materijal
being measured. In the case of wood, this will normally
be the species. The microprocessor is programmed with
an algorithm that processes the input information and
sends a signal to an output device which indicates the
moisture content of the material. ‘

The generalized algorithm has the form

n n n
MC= oD+ 2 BiDVi+ 2 3 G VY,

where MC is moisture content, Ao(T), B{T), and Ci(T)
are all polynomial functions of temperature, n is a whole
number equal to or greater than 2, and V;and V;are the
direct current amplitudes of the ith and jth frequency
components.

This generalized algorithm covers the situation
where n superposed alternating current frequencies are
applied across the measuring bridges. In most cases,
such as the one just described, n will be equal to 2.
When n=2, the algorithm may be simplifed to the form

MC=a+bV)+cVa+dV1 P,

where MC is moisture content, Viand V3 are the direct
current voltage signals, and the coefficients are temper-
ature dependent according to their relationships

. m , m R
bT:c= 3 c¢iTsandd= X diT"
i=0 =0

with m being a2 whole number equal to or greater than
1.

Unless extreme accuracy of measurement is required,
for most purposes first-order approximations of the
coefficients may be made as follows where a=ao+a;7,
b=bo+b1T, c=co+c1T, and d=dp+diT, where T is
the temperature of the material being measured.

Coastal Douglas-fir is the reference wood by which
most moisture meters are calibrated. For a meter con-
structed using the previously described circuitry, the
algorithm coefficients for Douglas-fir are as follows:

ag = 14 ay= 0032
bp= 337 by= 0346
co= 6.13 cj= ~—0.0198
dg= —16. dj= 0141

For any particular meter construction, the coeffici-
ents of the algorithm can be determined experimentally
by the measurement of dielectric materials having
known moisture contents at some predetermined tem-
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perature. The temperature may be determined in a num-
ber of ways. Where the dielectric has been in a given
ambient environment for a sufficient time to attain tem-
perature equilibrium, simply measuring the ambient
temperature will be sufficient. Otherwise, conventional
measuring instruments can be used to determine the
temperature of each sample.
- Reference to FIG. 3 shows the error that can be
introduced in conventional D.C. resistance moisture
readings of wood by failure to account for temperature.
This figure is adapted from a chart now widely used in
the industry, but it should be considered only an ap-
proximation at best. As one example, wood which is to
be adhesively bonded to form laminated structural
beams generally should have a moisture content of 12%
or below. Referring to FIG. 3, wood at 12% true mois-
ture, measured at 20° C., would be acceptable for lami-
nating. If the same wood was measured warm, as at the
unstacker following kiln dryers, the indicated moisture
kiln content would be considerably higher. When mea-
sured at 60° C., the indicated moisture would be about
17.5% even though the actual moisture was 12%. With-
out a correction being applied, this wood would be
unnecessarily rejected as being too wet. To date, it has
been so awkward to apply temperature corrections
where the sample population literally consists of hun-
dreds of thousands of boards, that it has not been practi-
cal to apply an effective form of temperature correction
of moisture readings. The forementioned U.S. Pat. No.
3,241,062 to Baird is apparently the only device which
attempted to incorporate automatic temperature cor-
- rection and, for whatever reasons, it has apparently
- never been commercially produced. The device em-
" ploying the presently described method appears to be a
major step forward in improving the accuracy of mois-
ture determination by automatic, near instantaneous
correction of the temperature dependence problem.
The matter of the nature of the dielectric material
being measured is another problem which has received
- very little attention. As mentioned before, moisture
meters for wood are normally calibrated on coastal
~ Douglas-fir. The person who wished to use these meters
on other species was at some risk of obtaining inaccu-
rate values because of the known differences in dielec-
tric properties between woods of different species. It is
readily within the skill of the art to program the micro-
processor so that information on the species being mea-
sured can be entered simply be setting a switch, or some
similar device, to the proper setting. A linear approxi-
mation can be used to give a species correction ade-
quate for all practical purposes. This is of the form

MCeorr=ki+kaMC

where the coefficients ki and k3 may readily be deter-
mined experimentally by measuring wood of different
species having known moisture contents. For coastal
Douglas-fir, the coefficient k1 is 0 and k2 s 1, so that the
slope of the curve is unity. For most other commer-
cially important wood species, the coefficient ki will fall
in the range between 4 and 10 and kj will lie between 0.5
and 1.2.

A noncontact capactively-coupled moisture meter of
the type utilized in the present method can normally be
used to measure moisture contents from about 4% up to
approximately 28%. Somewhat less accuracy will be
experienced at the extreme ends of this range. This is

" true also of resistance-type meters. While the noncon-
tact meter will actually measure the capacitive reac-
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tance of the dielectric to which it is coupled, in the
above moisture content range the resistance will form
the most important component of the reactance. FIG. 4
shows two electrodes 2,4 at opposite instantaneous po-
larity which are capactively coupled to a piece of wood
6. When these electrodes are wired as shown in FIG. 2
in a push-pull balanced bridge circuit, they will “see”
the wood capacitance and resistance as if it was effec-
tively between the electrode and ground. The effective
capacitance of C, is very small so that its reactance is
very large at the frequencies employed. This reactance
is also large in comparison with R,,. In effect, the meter
exemplified herein is actually measuring wood resis-
tance in similar fashion to a D.C. meter having elec-
trodes actually driven into the wood.

FIG. 5 shows a board 8 being borne on conveyor
chains 10,12 and approaching a bank of four metering
heads. It is assumed that the left ends of all boards ap-
proaching the metering station will be in approximately
the same position, as could readily be controlled by a
line bar, but that these boards will of variable length.
Three of the four heads has a sensor immediately pre-
ceding it to detect whether or not the board will be fully
coupled to the head. These sensors can be electrical
switches, photocells, or any other well-known type of
proximity indicator. Even the electrical output of the
head as a board passes could be programmed into the
microprocessor as a presence/absence signal.

In the present example, it is assumed that all of the
boards will be long enough to engage at least the first
head. It is for this reason that a sensor is not required
preceeding it. As shown in FIG. 5, heads 1, 2, and 3 will
be activated. Head 4 will not be activated since the
board is not long enough to be fully coupled to the
head; i.e., the material would not be under the full area
of the head. This will indicate to the microprocessor
that an average moisture content should be calculated
only on the basis of the output of the first three heads.
Head 4 will either be deactivated or its output will be
ignored in the moisture determination. In addition to
giving an average moisture reading, the output may be
designed to indicate the moisture content from each
head in order to give an indication of the uniformity of
moisture distribution within the sample. The micro-
processor could also be programmed with ancillary
equipment so as to antomatically reject a2 board which
showed an overly high moisture content at any measur-
ing head. After the board has passed by the heads, the
reset sensor will be triggered to indicate to the micro-
processor that the next data received will be from a new
sample. Information from each sample passing the mea-
suring heads is stored in the sample and hold circuits
(FIG. 2) until it is cleared by the approach of a new
sample.

Having thus disclosed the best mode known to the
inventors of practicing the present process, it will be
apparent tO those skilled in the art that many variations
can be made without departing from the spirit of the
invention. It is therefore intended that the scope of the
invention be limited only by the following claims.

What is claimed is:

1. A method of measuring the moisture content of a
moisture-containing dielectric material by capacitively
coupling it into at least one bridge circuit and measuring
the bridge unbalance when an alternating current input
having superposed frequencies is applied across each
bridge circuit, the improvement which comprises:
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a. applying n superposed alternating current frequen-
cies to the bridge, where n is a whole number equal
to or greater than 2;

b. determining the bridge unbalance caused at each
frequency and converting it into a direct current
voltage signal;

¢. measuring the temperature of the material; and

d. computing the moisture content by entering the
voltage signals and temperature into an algorithm
having the form:

n n n
MC=Ay(D+ 2 BiDVit izljzl Ci (D Vi
I= =]j=

where MC is moisture content, Ao(T), B{T), and C(T)
are all polynominal functions of temperature n is a
whole number equal to or greater than 2, and V;and V;
are the direct current amplitudes of the ith and jth fre-
quency components.

2. The method of claim 1 which includes providing a
computer which receives inputs of bridge unbalance
voltage and temperature and solves the algorithm to
indicate 2 moisture content.

3. The method of claims 1 or 2 in which the lowest

10

20

and highest frequencies differ at least by one power of 25

10.

4. The method of claim 3 where the lowest frequency
is equal to or less than 1 kHz.

5. The method of claim 3 where the highest fre-
quency is equal to or greater than 10 kHz.

6. The method of claims 1 or 2 in which the moisture
content is corrected for the particular characteristics of
the dielectric material by entering the uncorrected
value into the algorithm

30

35

MCeorr=k1+kaMC

where ki and k; are coefficients unigue to the dielectric
material being measured.

7. The method of claim 6 in which the dielectric
material is wood.

8. The method of claims 1 or 2 including providing

40

two bridge circuits in a balanced push pull arrangement -

each bridge circuit having a sensing electrode in parallel
with a capacitor in one leg of the bridge circuit, each
electrode having an adjacent zone within which it is
effectively capacitively coupled to the material being
measured.

9. The method of claim 8 in which the coupling elec-
trodes are arranged side-by-side in a measuring head.

10. The method of claim 9 including providing a
plurality of measurement heads arranged in parallel.

11. The method of claim 10 including providing con-
veying means to convey the dielectric material to and
from a working proximity with the measuring heads.

12. The method of claim 11 which includes providing
material detection means in advance of the heads to
determine which heads which will be fully coupled to
the dielectric material and to deactivate any heads
which are not fully coupled.

13. The method of claim 11 which further includes
providing material detection means following the mea-
suring heads to indicate when the material has moved
out of the zone in which it is effectively coupled to the
heads.

14. The method of claim 12 which further includes
providing material detection means following the mea-
suring heads to indicate when the material has moved
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10
out of the zone in which it is effectively coupled to the
heads.

15. The method of claim 13 in which the dielectric
material is wood.

16. The method of claim 14 in which the dielectric
material is wood.

17. In the method of measuring the moisture content
of a moisture containing dielectric material by capaci-
tively coupling the material into at least one bridge
circuit and measuring the bridge unbalance when an
alternating current input having two superposed fre-
quencies is applied across each bridge circuit, the im-
provement which comprises:

a. determining the bridge unbalance caused at each
frequency and converting it into a direct current
voltage signal,

b. measuring the temperature of the material, and

¢. computing the moisture content by entering the
voltage signals and temperature into an algorithm
having the form

MC=a+bVi+cVa+dV V2

where MC is mositure content, V1and V; are the direct
current voltage signals and the coefficients are tempera-
ture dependent according to the relationships

m .
a= X alT b
i=0 i

I M3

. m .o m .
bT,c= 2 ¢Tyandd= 3 diT"
0 i=0 i=0

with m being a whole number equal to or greater than
L.

18. The method of claim 17 in which the algorithm
coefficients are first order approximations where a=ag.
+a1T, b=bo+bT, c=co+c1T, and d=dpd\T, where T
is the temperature of the material being measured.

19. The method of claims 17 or 18 which includes
providing a computer which receives inputs of bridge
unbalance voltage and temperature and solves the algo-
rithm to indicate a moisture content.

20. The method of claims 17 or 18 in which the lowest
and highest frequencies differ at least by one power of
10,

21. The method of claim 20 where the lowest fre-
quency is equal to or less than 1 kHz.

22. The method of claim 20 where the highest fre-
quency is equal to or greater than 10 kHz.

23. The method of claims 17 or 18 in which the mois-
ture content is corrected for the particular characteris-
tics of the dielectric material by entering the uncor-
rected value into the algorithm

MCoorr=ky+kaMC

where ki and k; are coefficients unqiue to the dielectric
material being measured.

24. The method of claim 23 in which the dielectric
material is wood.

25. The method of claims 17 or 18 including provid-
ing two bridge circuits in a balanced push pull arrange-
ment each bridge circuit having a sensing electrode in
parallel with a capacitor in one leg of the bridge circuit,
each electrode having an adjacent zone within which it
is effectively capacitively coupled to the material being
measured.
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26. The method of claim 25 in which the coupling
electrodes are arranged side-by-side in a measuring
head.

27. The method of claim 26 including providing a
plurality of measurement heads arranged in parallel.

28. The method of claim 27 including providing con-
veying means to convey the dielectric material to and
from a working proximity with the measuring heads.

29. The method of claim 28 which includes providing
material detection means in advance of the heads to
determine which heads wiil be fully coupled to the
dielectric material and to deactivate any heads which
are not fully coupled.

30. The method of claim 28 which further includes
providing material detection means following the mea-
suring heads to indicate when the material has moved
out the zone in which it is effectively coupled to the
heads.

31. The method of claim 29 which further includes
providing material detection means following the mea-
suring heads to indicate when the material has moved
out of the zone in which it is effectively coupled to the
heads.

32. The method of claim 30 in which the dielectric
material is wood.

33. The method of claim 31 in which the dielectric
material is wood.

34. A method of measuring the moisture content of
moisture containing dielectric material which com-
prises:

a. providing at least one pair of electrodes in a cou-

pled relationship with the material;

b. driving the electrodes with an alternating current
signal comprising two superposed frequencies so
that opposite electrodes of a pair are at essentially
equal voltages of opposite polarity, each electrode
being located in an arm of separate bridge circuits;

c. sensing the unbalance signals in the bridge circuits
caused by the presence of the material adjacent to
the electrodes, said signals containing components
of unbalance at each frequency;

d. combining the unbalance signals from the two
bridges;

e. separating the combined signal into its individual
frequency components and rectifying each compo-
nent to form direct current voltage signals propor-
tional to the bridge unbalance caused at each fre-
quency;

f. sensing the temperature of the dielectric materials;
and

g. computing the moisture content by entering the
voltage signals and the temperature into an algo-
rithm having the form

MC=a+bV|+cVo+dViVs

where MC is moisture content, Vjand V3 are the direct
current voltage signals, and the coefficients are temper-
ature-dependent according to the relationships

. m .
ol b= 3 bT,
0 i=0

a=
i

M3

m . m .
c= X ¢T.d= X 4T,
i=0 i=0
with in being a whole number equal to or greater than
1. .
35. The method of claim 34 in which the algorithm

coefficients are first order approximations where a=agp.
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12
+a\T, b=bo+b1T, c=coc1T, and d=dop+d T, where T
is the temperature of the material being measured.

36. The method of claims 34 or 35 which includes
providing a computer which receives inputs of bridge
unbalance voltage and temperature and solves the algo-
rithm to indicate a moisture content.

37. The method of claims 34 or 35 in which the Jowest
and highest frequencies differ at least by one power of
10.

38. The method of claim 37 where the lowest fre-
quency is equal to or less than 1 kHz.

39. The method of claim 38 where the highest fre-
quency is equal to or greater than 10 kHz.

40. The method of claims 34 or 35 in which the mois-
ture content is corrected for the particular characteris-
tics of the dielectric material by entering the uncor-
rected value into the algorithm

. Mcton=’\'1 +kaMC

where kj and k3 are coefficients unique to the dielectric
material being measured.

41. The method of claim 40 in which the dielectric
material is wood.

42. The method of claims 34 or 35 including provid-
ing two bridge circuits in a balanced push pull arrange-
ment each bridge circuit having a sensing electrode in
parallel with a capacitor in one leg of the bridge circuit,
each electrode having an adjacent zone within which it .
is effectively capacitively coupled to the material being
measured.

43. The method of claim 42 in which the coupling
electrodes are arranged side-by-side in a measuring
head.

44. The method of claim 43 including providing a
plurality of measurement heads arranged in parallel.

45. In the method of measuring the moisture content
of a moisture containing dielectric material by capaci-
tively coupling the material into at least one bridge
circuit and measuring the bridge unbalance when an
alternating current input having two superposed fre-
quencies is applied across each bridge circuit the im-
provement which, comprises:

a. providing a plurality of sensing heads to simulta-
neously sample the material at a number of differ-
ent locations, each head having an adjacent sensing
zone within which it is effectively coupled to the
material being measured,

b. further providing conveyor means for transporting
the material into and out of coupled relationship
with the heads,

c. using a computer to analyze the bridge unbalance
signals at each frequency and indicate moisture
content, and

d. determining when the material has moved out of
the sensing zone and is no longer effectively cou-
pled to the heads to indicate to the computer that it
should reset and await the arrival of a new sample
of material.

46. The method of claim 45 which further includes
providing a plurality of material detection means in
advance of the heads to signal the computer that the
material is in position to be fully coupled to any heads
which are engaged by the material and to deactivate
any heads which are not engaged.

47. The method of claims 45 or 46 which further
includes material detection means following the mea-
suring heads to indicate when the material has moved
out of the zone in which it is effectively coupled to the
heads. ,

48. The method of claim 47 in which the dielectric

material is wood.
¥ & % % %
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1

MOISTURE MEASURING METHOD AND
APPARATUS '

BACKGROUND OF THE INVENTION

The present invention relates to a method and an
apparatus for measuring moisture in material, and par-
ticularly to an improved apparatus which is less sensi-
tive to the positioning or thickness of the material than
prior art devices.

Moisture measuring devxces of the prior art typically
employ some kind of contacting means for making a
conductive connection with material in which moisture
is to be measured so that the moisture can be determined
by electrical conduction. Unfortunately, the contacting
means or brushes are subject to breakage and shorting
whereby the moisture indications tend to become inac-
curate. Further, even if the brushes are in good condi-
tion, the degree of electrical contact provided with the
material under test is nonuniform.

Moisture detectors have been developed which do
not require contact with the material but instead em-
ploy capacitive coupling or the like. Many, however,
are quite sensitive to the position of the material relative
to the sensor conductor, as well as to the thickness of
the material, and therefore indications derived on a
production line basis can be somewhat undependable.
Also, the conveying means upon which the material is
transported can short out the measuring system such
that a dependable reading is not obtained.

In prior U.S. Pat. No. 4,377,783, a measuring system
is set forth in which transmitting and receiving plates
are offset along the path of the measured material, and
a conductive path in the veneer and the grounded con-
veyor is employed as part of the circuit. While very

4,683,418
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efficacious, there is again some dependency upon accu-

rate contact with the material being measured.

In prior application Ser. No. 494,953 filed May 16,
1983 now U.S. Pat. No. 4,563,635 moisture in wood
veneer strips is measured by passing the veneer strips
between arrays of plates including a transmitting plate
on one side of the veneer and a juxtaposed receiving
plate on the other. Phase plates on either side of and on
the same level as the transmitting plate are empowered
by a signal having the reverse phase to that applied to
the transmitting plate. When wet veneer passes between
the plate arrays, part of the transmitted signal is shunted
reducing the signal received by the receiving plate.
While this approach reduces sensitivity to vertical posi-
tion of the veneer strips, eliminates problems associated
with accidental grounding of the veneer and eliminates

- the need for mechanical contact with the veneer, in
practice some unwanted signal shunting occassionally
- occurs as a veneer sheet initially enters the space be-
- tween the transmitting and receiving plates, resulting in
a false moisture detection signal. Also, the moisture
detection apparatus disclosed in the prior application
requires use of electronics equipment both above and
“below the veneer. The equipment mounted below the
veneer tends to collect dust and debris which can effect
moisture readings.

It would therefore be desirable to provide a moisture
detection apparatus wherein moisture detection is not
only substantially independent of thickness variations in
the veneer and of the vertical position of the veneer
between detector and transmitter plates but is also inde-
pendent of the horizontal position of the veneer as it
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approaches the transmitting and detecting plates. Fur-

2 v
ther, it would be desirable if the detection apparatus
were mountable largely in a single package above the
veneer so that dust and debris cannot collect on lower
portions of the apparatus and thereby mterfere with
moisture readings. '

SUMMARY OF THE INVENTION

According to the present invention, in a preferred
embodiment thereof, the material, e.g. wood veneer, is
transported along a path into a region between a sensor
assembly and a pair of sensor transmitter bars. _

The sensor assembly comprises in part a detector
plate, a pair of phase plates on either side of and on the
same level as the detector plate, a signal plate parallel

with and above the detector and phase signal plates, and" -

a ground plate above and parallel with the signal plate.
The sensor assembly also comprises a source’ of split
phase oscillating signal having a neutral, designated -
“machine ground”, coupled to the signal plate, a first
oscillating signal output, designated “earth ground”,
coupled to the ground plate and to the sensor transmit-
ter bars, and a second oscillating signal output, 180,
degrees out of phase with the first oscillating signal
output and coupled to the phase plates. '
When there is no wet veneer between the sensor
assembly and the transmitter bars, coupling between the
sensor transmitter bars and the detector plate tends to
drive the potential of the detector plate toward earth
ground. At the same times coupling between the phase
plates and the detector plate tends to drive the detector -
plate to a potential 180 degrees out of phase with earth
ground, taking machine ground as a reference. As a
result the detector plate, in the absence of a wet veneer,
tends to float at a potential relatively near machine
ground. When wet veneer enters the area between the

. sensor- assembly and the transmitter bars, coupling in-

creases between the detector plate and the earth
grounded transmitter bars, driving the detector plate -
closer to earth ground. Thus the potential difference
between the detector and signal plates is increased in '
the presence of wet veneer.

The sensor assembly further comprlses a detector
circuit, mounted above the ground plate, coupled to

detect the potential difference between the detector and

signal plates and to produce a control signal when the
potential difference is high enough to indicate the pres-
ence of wet veneer. The control signal may then be used
to drive a moisture indicator or alarm.

The ground plate shields equipment mounted above
the ground plate from signals transmitted by the signal
plate. The signal plate shields and the detector plate
from the ground plate so that detector plate potential is
primarily dependent on coupling between the detector
plate and the phase plates and the transmitter bars. The
phase plates help to compensate for changes in vertical
position of the veneer; when the veneer moves higher,
coupling between the detector plate and the transmitter
bars increases driving the detector plate closer to earth
ground. However, coupling between the phase plates
and the detector plate also increases, driving the detec-
tor plate away from earth ground. The two effects tend
to cancel for variations in vertical position of th veneer. .

The present invention is thus insensitive to vertical
position of the veneer and has demonstrated no false
readings as veneer is inserted into the sensing area.
Further, only the transmitter bars are located below the -
veneer presenting little opportunity for unacceptable
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collection of dust or debris. Also the transmitter bars,
being at earth ground potential, may be connected to
the signal source in the sensor assembly through struc-
tural steel only, eliminating the need for extensive wir-

ing to interconnect circuits above and below the veneer.

It is accordingly an object of the present invention to
provide an improved apparatus for detecting moisture
in plywood veneer or other materials.

It is a further object of the present invention to pro-
vide an improved apparatus for moisture detection
wherein such apparatus is economical in construction
and reliable in operation.

It is another object of the present invention to pro-
vide an improved moisture detecting apparatus which is
largely independent of vertical positioning of the mate-
rial relative to the sensing means.

It is a further object of the present invention to pro-
vide an improved moisture detecting apparatus which is
largely unaffected by collection of dust and debris on
components mounted below the material.

It is a further object of the present invention to pro-
vide an improved moisture detecting apparatus which
does not require extensive electrical connections be-
tween circuits above and below the material being
tested.

The subject matter which we regard as out invention
is particularly pointed out and distinctly claimed in the
concluding portion of this specification. The invention,
however, both as to organization and method of opera-
tion, together with further advantages and objects
thereof, may best be understood by reference to the

- following description taken in connection with the ac-
companying drawings wherein like reference charac-
ters refer to like elements.

DRAWINGS

FIG. 1is a combination schematic and block diagram
-.of the moisture detecting apparatus according to the
_present invention.
. FIG. 2 is a cross-sectional view of a portion of the
" sensor assembly showing the relative placement of the
phase signal plates, the detector plate, the signal plate
and the ground plate according to the present invention.
FIG. 3 is a cross-sectional view of the present inven-
tion showing the relative position of the sensor assem-
bly, the sensor transmitter bars, and the material being
tested.
FIG. 4 is an end view of the moisture detecting appa-
ratus of the present invention mounted in a frame.

DETAILED DESCRIPTION

Referring to the drawings and particularly to FIG. 4,
illustrating moisture detecting apparatus 10 according
to the present invention, a conveyor comprising upper
run 12 and lower run 14, suitably comprising chains or
belts, are trained about head roll 16. The conveyor
receives a plurality of plywood veneer strips or pieces

_ 18 from a veneer dryer (not shown), deposited upon the
conveyor for transport in the direction indicated by the
arrows between the legs of support table 20.

Table 20 carries therebeneath sensor assembly 22,
contained in elongated cabinet 24, and transmitter bars
26 in parallel relation spaced about 4 inches apart under-
neath cabinet 24. The underside of cabinet 24 and the
top of transmitter bars 26 are vertically spaced approxi-
mately four and one half inches apart in the specific
example. Sensor assembly 22 and transmitter bars 26
extend perpendicular to the direction of motion of ve-
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4
neer strips 18 for the width of the conveyor. Table 20
also carries marking means 28 comprising sprayer 30 for
marking veneer strips in which a predetermined amount
of moisture is detected.

Referring to FIG. 2, depicting a cross-sectional view
of the lower portion of cabinet 24 of sensor assembly 22,
contained in the underside of cabinet 24 are a plurality
of longitudinally oriented conducting metal plates sup-
ported in generally facing relation to the veneer strips
conveyed therebelow. Cabinet 24 centrally supports
detector plate 32 and phase signal plates 34 disposed in
laterally spaced relation on either side of detector plate
32 and in the plane thereof, i.e. such that a strip of ve-
neer first passes under one of the phase signal plates 34,
then under detector plate 32, and then under the other
phase signal plate 34. In the specific example, detector
plate 32 may have a width of approximately one and a
half inches and a length comparable to that of cabinet 24
so as to extend along the width of the entire conveyor
system. Phase signal plates 34 in the specific example
are each about one half inch wide and are spaced ap-
proximately five inches from detector plate 32. Phase
signal plates 34 are also comparable in length to the
length of the entire cabinet.

Signal plate 36 is also centrally mounted on the un-
derside of cabinet 24 approximately one sixteenth inch
above and in parallel relation with detector plate 32, the
plates being seperated by insulating material 42. Signal
plate 36, in the specific example, is approximately four
and a half inches wide, extending about one and a quar-
ter inch beyond either edge of detector plate 32.
Ground plate 38 is mounted on top of the under side of
cabinet 24 about one quarter inch above and in parallel
relation with signal plate 36, separated by insulating
material 42. Ground plate 38 extends over the width of
the underside of cabinet 24, approximately twenty
inches in the specific example. Ground plate 38 and
signal plate 36 are also comparable in length to the
length of cabinet 24.

The arrays of plates suitably comprise printed or
etched conductors on circuit board sections, insulators
42, composed of epoxy glass and forming the bottom of
cabinet 24. '

Referring to FIG. 3, depicting a cross-sectional view
of cabinet 24 and sensor transmitter bars 26 and veneer
strip 18, the top runs 12 of the conveyor are positioned
so that the strips 18 of veneer will pass between cabinet
24 and transmitter bars 26 about one half to one inch
above the transmitter bars. This spacing is suitable for
measuring moisture in wood having a thickness from a
fraction of an inch up to about two inches. The strips 18
of veneer may travel at a small angle from horizontal
without effecting operation of the present invention.

Referring to FIG. 1, a combination circuit and block
diagram is illustrated for the moisture detector 10 ac-
cording to the present invention. In addition to plates
32, 34, 36 and 38 mounted on the underside of cabinet 24
sensor assembly 22 further comprises signal generating
means 44. Signal generating means 44 produces radio
frequency (suitably 100 KHz) signals at terminals 52 and
56. With terminal 54 taken as a neutral reference, *ma-
chine ground”, the signals at terminals 52 and 56 are 180
degrees out of phase with one another. Signal generat-
ing means 44 comprises oscillator 48, suitably compris-
ing a type 12060 integrated circuit manufactured by
Motorola, with output to a gate terminal of a VMOS
field effect transistor 58. Transistor 58, suitably com-
prising a type VN10KM, has a source terminal con-
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nected to a negative supply and a drain terminal con-
nected to a positive supply via resistor 60. Signal gener-
ating means 44 further comprises Ferroxcube cored
transformer 50, with primary driven by the drain volt-
age of transistor 58, having secondary winding 64
shunted by resistors 66 and 68 in series. The junction of
resistors 66 and 68 forms machine ground terminal 54
while the two leads of the transformer 50 secondary
winding provide the earth ground signal at terminal 52
and the reverse phase signal at terminal 56.

Detector means 46, connected to detector plate 32 via
lead 76 and to signal plate 36 via lead 78, includes a
tuned circuit comprising parallel connected capacitor
72 and the primary winding of ferrite core transformer
74 tuned substantially to the frequency of signal gener-
ating means 44. The signal across the tuned circuit 1s
coupled through transformer 74 and input resistor 80 to
" a first operational amplifier 82 provided with a feedback

resistor 86 and a second input terminal grounded. The
AC output of amplifier 82 is detected with diode 88
having its anode coupled to an input of comparator
amplifier 94 through resistor 92 and shunted to ground
through capacitor 90 in parallel with resistor 84. Ampli-
fier 94 is provided with a second input terminal coupled
via resistor 98 to the moveable tap of potentiometer 100
connected between a positive voltage and ground. The
potential between detector plate 32 and signal plate 36 is
amplified by amplifier 82 and detected by diode 88 to
provide a negative voltage across capacitor 90. A sec-
ond input of comparator amplifier 94 is set by means of
potentiometer 100 to establish a threshold such that if
-the negative charge on capacitor 90 increases above a
predetermined level, the output at terminal 70 will, via
intermediate amplifiers not shown, operate sprayer 30.
That is, moisture is ordinarily indicated when the nega-
tive voltage on capacitor 90 is relatively high. Feedback
resistor 96 produces a hysteresis effect such that once
the sprayer starts to operate, it will continue to do so
until the negative voltage across capacitor 90 decreases
to.a negative value less than the value at which spraying
started, whereby eratic or intermittent operation of
sprayer 30 is prevented.

Signal plate 36 is coupled to terminal 54 and is thus
held at machine ground. Ground plate 38 and sensor
transmitter bars 26 are coupled to earth ground at termi-
nal 52. Phase signal plates 34 are coupled to terminal 56
such that the potential on phase signal plates 34 is 180
degrees out of phase with earth ground.

Considering the overall operation of the moisture

- detecting apparatus 10 illustrated in FIGS. 1 through 4,
when there is no wet veneer 18 between sensor assem-
“bly 22 and transmitter bars 26, coupling between sensor
transmitter bars, at earth ground, and detector plate 32
tends to drive detector plate 32 toward earth ground.
At the same time coupling between phase plates 34 and
detector plate 32 tends to drive the detector plate to a
potential 180 degrees out of phase with earth ground.
As a result detector plate 32 in the absence of wet ve-
neer 18, tends to float at a potential relatively near ma-
chine ground. Therefore the potential difference be-
tween detector plate 32 and signal plate 36 is relatively
small in the absence of wet veneer.

When wet veneer 18 enters the area between sensor
assembly 22 and transmitter bars 26, coupling between
transmitter bars 26, at earth ground, and detector plate
32 increases, driving the detector plate closer to earth
ground. Thus the potential difference between detector
plate 32 and signal plate 36, at machine ground, is rela-
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tively larger in the presence of wet veneer 18, and gen-
erally increases with the dampness of the veneer.

The increase in potential difference between detector
plate 32 and signal plate 36 caused by insertion of wet .
veneer 18 between sensor assembly 22 and sensor trans-

" mitter bars 26 results in an increase in negative charge

across capacitor 90 in detector means 46. If the negative
voltage across capacitor 90.is larger than the positive
voltage applied to the inverting input of comparator
amplifier 94, comparator amplifier 94 initiates a control
signal at terminal 70 causing sprayer 30 to mark the wet
veneer. Potentiometer 100 is set such that a control
signal output at terminal 70 does not occur unless the
negative voltage across capacitor 90 is sufficiently
large. Since the voltage across capacitor 90 increases
negatively with the dampness of veneer 18, sprayer 30
does not operate unless veneer 18 is sufficiently damp.
Thus the minimum dampness necessary to initiate
spraying may be controlled by adjustment of potenti-
ometer 100. .

As the thickness of veneer 18 increases, or as the
height of the veneer above the sensor transmitter bars
increases, coupling between the veneer and the detector
plate increases, tending to drive the potential of detec-
tor plate 32 closer to earth ground. However, at the
same time, coupling between phase signal plates 34 and
detector plate 32 also increases tending to drive the
potential of detector plate 32 180 degrees out of phase
from earth ground. Thus the change in signal coupling
from phase plates 34 tends to offset the change in the
signal coupling from the veneer due to variations in the
thickness or vertical position of the veneer, reducing
the possibility of a false indication of wetness. ‘

Since the signal detected by sensor assembly 22 is not. .
dependent on signal shunting by veneer 18 partial inser-
tion of veneer 18 in the sensing area beneath sensor
assembly 22 does not result in false moisture readings.
Also, since dry veneer is of low conductivity, and since
detection of moisture depends on the coupling of a large
portion of the veneer in the sensor area to earth ground,

- inadvertent or intentional grounding of the veneer out-
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60

side the sensing area has no significant affect on mois-
ture sensitivity. '

As can be seen, most of the sensing apparatus is con-
tained within cabinet 24 mounted above the veneer.
Only the two sensor transmitter bars 26 are mounted
below the veneer. Since these bars are connected to
earth ground, they may be coupled to equipment in
cabinet 24 through the structural steel of table 20.
Therefore no wiring is required between sensing equip-
ment mounted above and below the veneer. Also sensor
transmitter bars 26 have small upper surface areas
which do not collect much dust or debris and are rela-
tively simple to clean in any case.

While the detection of moisture in veneer is particu-
larly set forth herein, it will be understood that the
apparatus is not restricted thereto but is applicable to
other materials.

While we have shown and described a preferred
embodiment of our invention, it will be apparent to

- those skilled in the art that many changes and modifica-

- invention.

tions may be made without departing from our inven-’
tion in its broader aspects. We therefore intend the
appended claims to cover all such changes and modifi-
cations as fall within the true spirit and scope of our

We claim:
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1. Apparatus for measuring the moisture content of
material, said apparatus comprising:

first conductor means disposed in spaced facing rela-
tion to said material;

second conductor means disposed in spaced facing
relation 1o said material and in adjacent spaced
relation to said first conductor means;

third conductor means disposed in facing relation 1o
said material and positioned opposite said first and
second conductor means while being generally
separated from said first and second conductor
means by said material during the presence of said
material;

receiving means;

means for energizing said first and third conductor
means in out of phase relation with respect to a
common reference whereby coupling between first
and second conductor means and coupling be-
tween second and third conductor means create a
potential in said second conductor means during
the presence or absence of said material; and

means for connecting said second conductor means to
said receiving means for registering said potential
of said second conductor means with respect to a
fixed reference potential whereby moisture in said
material is disposed in coupling relation between
said second and third conductor means to alter the
potential of said second conductor means so that
moisture ¢an be detected according to the change
in potential of said second conductor means.

2. The method of measuring the moisture content of

material comprising:

passing a first radio frequency signal through said
material for reception by a receiving plate;

transmitting a second radio frequency signal in out-
of-phase relation to said first radio frequency signal
with respect to a common reference, said second
signal being transmitted from a source adjacent
said receiving plate without passing through said
material, said first and second radio frequency sig-
nals inducing a potential in said receiving plate, the
induction of said first radio frequency signal vary-
ing in accordance with the moisture contained in
said material; and

measuring the potential of said receiving plate to
determine the extent of said moisture.

3. The apparatus according to claim 1 wherein said
third conductor means comprises at least one grounded
conductive bar positioned beneath the path of said ma-
terial, said first and second conductor means being lo-
cated above the path of said material such that said
material passes between said third conductor means and
the other conductor means.

4. Apparatus for measuring the moisture content of
material being conveyed on a conveyor along a gener-
ally horizontal path, said apparatus comprising:

a detector conductor adjacent the path of said mate-
rial on a first side of said conveyor so as to face a
first side of said material conveyed on said con-
veyor;

a first transmitting conductor positioned generally
opposite said detector conductor in sufficiently
close proximity to said detector conductor so that
radio frequency energy can be coupled between
said first transmitting conductor and said detector
conductor, said first transmitting conductor being
adjacent the path of said material on a second side
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of said conveyor so as to face a second side of
material as conveyed on said conveyor;

an additional transmitting conductor positioned adja-
cent said detector conductor on said first side of
said conveyor in sufficiently close proximity to said
detector conductor so that radio frequency energy
can also be coupled between said additional trans-
mitting conductor and said detector conductor;

receiving means;

means for providing a source of radio frequency en-
ergy connected between said first transmitting
conductor and said additional transmitting conduc-
tor for energizing said first and additional conduc-
tors in opposite phase relation with respect to one
another whereby coupling between said transmit-
ting conductors and said detector conductor cre-
ates a potential in said detector conductor; and

means for connecting said detector conductor to said
receiving means for registering said potential of
said detector conductor whereby when moisture in
said material is disposed in coupling relation be-
tween said first transmitting conductor and said
detector conductor, the potential of said detector
conductor is altered so that moisture can be de-
tected according to the change in potential of said
detector conductor.

5. The apparatus- according to claim 4 wherein said
first transmitting conductor comprises at least one
grounded bar positioned beneath the path of said mate-
rial.

6. The apparatus according to claim 4 wherein said
first transmitting conductor comprises a pair of
grounded bars positioned beneath the path of said mate-
rial, and wherein said additional transmitting conductor
comprises a pair of plates positioned above the path of
said material.

7. The apparatus according to claim 6 wherein said
detector conductor is positioned between said pair of
plates.

8. Apparatus for measuring the moisture content of
material being conveyed on a conveyor along a gener-
ally horizontal path, said apparatus comprising:

a detector conductor adjacent the path of said mate-
rial on a first side of said conveyor so as to face a
first side of said material conveyed on said con-
veyor;

a first transmitting conductor positioned generally
opposite said detector conductor in sufficiently
close proximity to said detector conductor so that
radio frequency energy can be coupled between
said first transmitting conductor and said detector
conductor, said first transmitting conductor being
adjacent the path of said material on a second side
of said conveyor so as to face-a second side of
material as conveyed on said conveyor;

an additional transmitting conductor positioned adja-
cent said detector conductor on said first side of
said conveyor in sufficiently close proximity to said
detector conductor so that radio frequency energy
can also be coupled between said additional trans-
mitting conductor and said detector conductor;

receiving means; ’

means for providing a source of radio frequency én-
ergy connected between said first transmitting
conductor and said additional transmitting conduc-
tor whereby coupling between said transmitting
conductors and said detector conductor creates a
potential in said detector conductor;
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wherein said means for providing a source of radio
frequency energy includes first and second output
terminals coupled respectively to said first and
additional transmitting conductors;

means for connecting said detector conductor to said
receiving means for registering said potential_of
said detector conductor whereby when moisture in
said material is disposed in coupling relation be-
tween said first transmitting conductor and said
detector conductor, the potential of said detector
conductor is altered so that moisture can be de-
tected according to the change in potential of said
detector conductor;

wherein said means for connecting said detector con-
ductor to said receiving means includes a return
path at a reference level intermediate said first and
second terminals of said source of high frequency
energy; ’

a signal plate connected to said return path and posi-
tioned on the remote side of said detector conduc-
tor from said first transmitting conductor; and

a grounding plate located .on the remote side of said
signal plate from said first transmitting conductor.

9. The apparatus according to claim 4 wherein said
means for providing a source of radio frequency energy
includes first and second output terminals coupled re-
spectively to said first and additional transmitting con-
ductors, and wherein said means for connecting said
detector conductor to said receiving means includes a
return path at a reference level intermediate said first
and second terminals of said source of high frequency
energy.

10. The apparatus according to claim 9 further in-
cluding a signal plate connected to said return path and
positioned on the remote side of said detector conduc-
tor from said first transmitting conductor.

11. Apparatus for measuring the moisture content of
material being conveyed on a conveyor along a gener-
ally horizontal path, said apparatus comprising:

a detector conductor adjacent the path of said mate-
rial on a first side of said conveyor so as to face a
first side of said material conveyed on said con-
veyor;
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a first transmitting conductor positioned generally
opposite said detector conductor in sufficiently

. close proximity to said detector conductor so that
radio frequency energy can be coupled between
said first transmitting conductor and said detector
conductor, said first transmitting conductor being
adjacent the path of said material on a second side
of said conveyor so as to face a second side of
material as conveyed on said conveyor, wherein
said first transmitting conductor comprises a pair of
grounded bars positioned beneath the path of said
material;

" an additional transmitting conductor positioned adja-

cent said detector conductor on said first side of
said conveyor in sufficiently close proximity to said
detector conductor so that radio frequency energy
can be coupled between said additional transmit-
ting conductor and said detector conductor,
wherein said additional transmitting conductor
comprises a pair of plates positioned above the path
of said material and wherein said detector conduc-
tor is positioned between said pair of plates;

receiving means;

means for providing a source of radio frequency en-
ergy connected between said first transmitting
conductor and said additional transmitting conduc-
tor whereby coupling between said transmitting
conductors and said detector conductor creates a
potential in said detector conductor;

means for connecting said detector conductor to said
receiving means for registering said potential of
said detector conductor whereby when moisture in
said material is disposed in coupling relation be-.
tween said first transmitting conductor and said
detector conductor, the potential of said detector
conductor is altered so that moisture can be de-
tected according to the change in potential of said
detector conductor; and

further including a grounding plate located above
said detector conductor on the remote side of said
detector conductor from said first transmitting

conductor. :
* * * * *



