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APPARATUS FOR MEASURING RELATIVE HYDRATION OF A SUBSTRATE

Technical Field
This invention generally relates to devices for

measuring relative hydration of a substrate, such as
hydration of the human skin or physical substrate

materials.
Backaground Art

There is a growing interest in measuring the relative
hydration of a substrate. For example, such measurements
on human skin provides information about wound healing.
Measurements on hydration through films, such as bandages
and tapes, can indicate the efficacy of certain
compositions of such bandages Or tapes in connection with
the healing process.

A number of devices exist for measuring relative
hydration of human skin by measuring the water content of
the skin typically by measuring skin impedance. For
example, United States Letters Patent No. 5,961,471 issued
October 5, 1999 by Steven W. Nickson for a probe for a
biophysical skin measurement device discloses one such
device for measuring relative skin hydration that has
received wide acceptance.

It has been recognized that variations in the force
at which such a probe is applied to the skin can affect
the measured impedance. For example, United States
Letters Patent No. 5,001,436 (1991) to Scott et al.
discloses a skin impedance measuring device that
recognizes a necessity for some method of controlling the
pressure applied. Scott et al. monitor the force applied
by the probe and trigger the measurement when an
acceptable force exists. United States Letters Patent No.
5,588,440 (1996) to Cowle discloses a system for measuring
skin temperature and measuring force. However, the force
measurement merely provides an indication of the force as
a guide for helping the user control the force at which

measurements are taken. In both disclosures it becomes
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incumbent on the operator to control the force manually in
order to obtain sustained measurements.

Notwithstanding these attempts to compensate for
temperature and force in skin moisture measurement
devices, there is still a requirement for a relative
hydration measuring system that will automatically
compensate for the effects of force and temperature
variations during the measurement process.

Disclosure of the Invention

Therefore it is an object of this invention to
provide a relative hydration measuring device and method
that can compensate for the force applied by a measurement
probe.

Another object of this invention is to provide a
relative hydration measuring device and method that can
compensate for the temperature of the substrate being
tested.

Yet another object of this invention is to provide a
relative hydration measuring system for human skin that
automatically produces a moisture indication that can be
compensated for probe force and skin temperature during
the measurement.

In accordance this invention, relative substrate
hydration is obtained by measuring the electrical
characteristics of the substrate between electrodes
contacting the substrate and by measuring concurrently an
environmental factor. These measurements provide the
basis for obtaining a value of substrate impedance between
the electrodes that indicates relative hydration.

In accordance with another aspect of this invention,
a system for measuring the relative hydration of a
substrate comprises a probe having first and second
electrodes for contacting the substrate. An electrical
impedance measurement circuit periodically generates a
value representing the impedance of the substrate between
the first and second electrodes. A2An environmental factor
measurement circuit pericdically generates a value

representing an environmental factor associated with the
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impedance measurement. A calculator may respond to the
impedance and environmental factors signals to produce an
indication of relative hydration.

In accordance with yet another aspect of this
invention, a system for measuring the relative hydration
of a substrate includes a measurement probe and a data
processing system. The measurement probe comprises an
elongated probe housing and a sensor body mounted at one
end of the probe housing with first and second concentric
electrodes for contacting the substrate at a site for
which a relative hydration measurement ig desired. An
electrical impedance measurement circuit in the probe
housing generates an impedance signal including
information about the capacitive reactance between the
first and second electrodes. A force sensor in the probe
housing generates a signal representing the force exerted
by one of the electrodes on the substrate. A signal
processor in the probe housing polls the electrical
impedance measurement circuit and the force sensor thereby
to generate processed impedance and force measurement
signals. A connector at the other end of the probe
housing enables communications between the data processing
system and the signal processor.

In accordance with still another aspect of this
invention, a system for measuring relative hydration of a
substrate includes a measurement probe and a data
processing system. The measurement probe comprises an
elongated probe housing and a sensor body mounted at one
end of the probe housing with first and second concentric
electrodes for contacting the substrate at a site for
which a measurement of relative hydration is desired. An
electrical impedance measurement circuit in the probe
housing generates an impedance signal representing the
impedance of the substrate between the first and second
electrodes. A temperature sensor in the probe housing
generates a signal representing the temperature of the
skin contacting the electrodes. A signal processor in the

probe housing polls the impedance measurement circuit and
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the temperature sensor thereby to generate processed
impedance and temperature measurement signals. A
connector at the other end of the probe housing enables
communications between the data processing system and the
signal processor.
Brief Description of the Drawings

The appended claims particularly point out and

distinctly claim the subject matter of this invention.
The various objects, advantages and novel features of this
invention will be more fully apparent from a reading of
the following detailed description in conjunction with the
accompanying drawings in which like reference numerals
refer to like parts, and in which:

FIG. 1 depicts a measurement Sensor constructed in
accordance with this invention;

FIG. 2 is a view of a portion of the sensor shown in

FIG. 1;
FIG. 3 is an alternate view of the structure shown in

FIG. 2;

FIG. 4 is a schematic of circuitry for obtaining the
normalized impedance measurements;

FIG. 5 is a flow diagram representing the steps for
calibrating the sensor in FIG. 1;

FIG. 6 is a flow diagram illustrating the steps for
taking an impedance measurement;

FIG. 7 is a view of an alternate, preferred
embodiment of a sensor constructed in accordance with this
invention;

FIGS. 8 and 9 are views, partially in section, of a
portion of the sensor taken along lines 8-8 and 9-% in
FIG. 7; and

FIG. 10 is a view, partially in section, of an
alternate structure for the sensor shown in FIGS. 8 and 9.

Best Mode for Carrying Out the Invention

FIG. 1 depicts one embodiment of a probe 10 that
includes a housing 11 forming a handle 12 and a probe head
13. 1In this particular embodiment the handle 12 and probe

head 13 are in different planes to facilitate operator use
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in making measurements on human skin or other substrates,
such as bandages and tapes. In the following discussion,
nsubstrate" is intended to cover both skin and such other
substrates.

The probe head 13 carries a sensor head 14 that has a
number of sensing elements including a centrally disposed
temperature sensor 15 and first and second spaced
electrodes. The temperature sensor 15 that could be based
upon thermistor or thermocouple sensors, could include an
electrically isolated conductive housing or can 15A that
can act as an inner electrode independently of the
operation of the temperature sensor 15. This electrode
15A and a spaced outer, concentric electrode 16 act as
impedance moisture electrodes. A sSensor housing 20
contains these elements as well as an insulator 21
disposed between the temperature Sensor, acting as the
inner electrode 154, and outer electrode 16 and another
insulator 22 disposed about the outer electrode 16. Thus
the electrodes 15A and 16 are insulated from each other
and from the temperature sensor 15. A connection 23 at
the end of the handle 12 constitutes an interface for
attaching the probe 10 to a data processing system thereby
to enable data to be processed remotely from the sensor 10
and to allow a single data processing system to accept
different probes. If the probe 10 contains an LCD or
other display 24 or other electronically driven readout,
the signals for such a display 24 could be generated
internally of the probe 10 or coupled to the probe 10
through the connection 23.

FIGS. 2 and 3 depict one embodiment of the sensor 14
and related support structures in greater detail. The
sensor 14 mounts to a sensor support or beam 25 in the
form of a planar sheet carried in end supports 26 that are
shown schematically. The stiffness of the support 25 is
selected so that over normal force ranges the support 25
deflects increasingly as force applied to the support
increagses as the sensor 14 is brought into contact with

the skin or other substrate. Although not shown in the
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drawings, a stop can be incorporated to limit the total
deflection of the support 25 and the sensor 14.

As shown more clearly in FIG. 3, deflecting the
sensor 14 along an axis 27 enables piezoelectric
transducers 30 and 31 mounted to the support 25 toO produce
a signal that is a function of the displacement of the
board and hence the force applied to the board. Two such
transducers provide a bipolar output signal in this
specific embodiment.

Leads from these transducers 30 and 31 connect to a
bus structure 32 that includes a connector section 33 for
mating with a female connector mounted on a circuit board
not shown. Other conductors on the connecting bus 32 will
connect to the thermocouple 15 and to the electrode pair
formed by the thermocouple can 15A and the concentric
outer electrode 16, as shown more clearly in FIG. 2. Thus
the bus 32 transfers signals representing instantaneous
electrical characteristics, temperature and force wvalues
to circuitry attached through the connector section 33.

FIG. 4 depicts the probe 10 and an associated data
processing system or system control 33 that provide a
measurement of relative hydration in response to the
signals from the electrodes 152 and 16, the thermocouple
15 and force transducers 30 and 31. In this particular
embodiment the probe operates under the command of the
system control 33. In a preferred embodiment the system
control 33 can comprise any conventional CPU with an
input/output interface such as an RS5232 interface.

A probe control 34 that attaches to the connector 24
receives the signals and responds accordingly to each
command. More specifically, the probe control 34
comprises a conventional miCro-processor Or other central
processing system that includes a central processor (CP)
35, an I/0 unit 36, a memory 37 and a second memory 40
typically implemented as in EPROM or other form of
programmable read only memory. The probe control 34
produces the appropriate signals for indicating the

instantaneous force, temperature and substrate
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characteristics in response to specific commands from the
system control 33. The memory 37 includes modules or
programs 41 for responding to such commands and, for
purposes described later, a constants buffer 42. Of
particular interest for this invention, the EPROM 40
includes four registers for storing particular constants.
These includes a AT, register 43, a AT, register 44,
register 45 and AF,, register 46.

Still referring to FIG. 4, the temperature sensor 15

AF in
connects to a variable gain amplifier circuit 15 to
produce an output signal in a predetermined voltage range
that is applied to one input of a gated analog to digital
converter (ADC) 51. Similarly, a variable gain amplifier
52 receives signals from the force transducers 30 and 31
for application to another input of the gated ADC 51.

Any number of circuits exist for providing a signal
that indicates the moisture content. This probe uses an
RC generator 53 that responds to an initiation signal from
the probe control 34 to generate a signal having an RC
time constant that is applied as another input to the
gated ADC 51. 1In the system depicted in FIG. 4, a voltage
pulse is applied to an RC circuit with the electrodes
being in parallel with the RC circuit. The pulse has a
fixed value and a duration exceeding a predetermined time.
The initiation signal enables the RC generator to apply a
reference signal to the gated ADC 51 and then to apply the
capacitor voltage to the gated ADC. The gated ADC 51
operates at a high sampling frequency and is able to
obtain voltage measurements over the rise time of the
voltage of the capacitor. The result is a measurement of
the complex impedance with a quantification of the
capacitive reactance that is an indicator of substrate
moisture.

As previously indicated, the probe 10 can be
connected to the system control 33. Consequently it is
important that the signals transferred to the system
control 33 from different probes 10 reflect the same

temperature and force readings. The probe contrecl 34 with
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its registers 43 through 46, assures accurate and
consistent readings from different probes by storing
calibration information in the probe 10.

FIG. 5 depicts a procedure for calibrating the sensor
10 to achieve this consistency. This procedure occurs
during the manufacturing process when the probe 10 is
placed in an oven and the gain of the variable gain
circuit 50 is adjusted over the operating ranges to
provide a predetermined range of analog output signals or
voltages from the variable gain amplifier 50 in step 60.
When this iterative process has been completed, the oven
will be held at the minimum temperature. Then the reading
from the gated ADC 51 will be stored in a AT,,, register 43
in step 62. After the temperature is raised to the
maximum operating temperature, step 63 stores the reading
from the gated ADC 51 in the AT, register 44 in step 64.

A similar process is applied to the force transducers
30 and 31. A gain adjustment occurs in step 65. Then a
minimum force is applied to the sensor in step 66 and the
corresponding reading from the gated ADC 51 is stored in
the AF,, register 45 in step 66. The value obtained from
the gated ADC 51 at a maximum force obtained in step 67 is
then stored in the AF,,, register 46 in step 68.

In both cases, the range of the temperature and force
preferably corresponds to a subset of the possible values
from the gated ADC 51. For example, the gain and offsets
might be selected so a minimum operating temperature
produces a count of 5 and a maximum operating temperature
a count of 246 on an eight-byte gated ADC output. As will
now be apparent, a program in the memory 37 can, upon
initialization cause the CP to calculate and store
concordances between the measured counts and actual force
and temperature or corresponding constants in a buffer
such as the constants buffer 42. Thus output signals
representing the force and temperature values of the
system control 33 are accurate and repeatable from one

probe to another.
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During normal operation, the sensor 10 connects to
the system control 33 that includes a central processor
70, an I/O unit 71, an input keyboard or keypad 72 and a
display 73. A memory 74 will contain, among other items,
a measurement module or program 75 and various drivers 76.
The measurement module 75 generates the commands for
reading the force, i.e, a READ FORCE command, for reading
temperature, i.e., a READ TEMPERATURE command, and for
obtaining information from the RC generator 53, i.e, a
READ CURVE command. These commands are communicated over
a bus, such as a serial RS-232 bus 77 and the connector 24
to be received in the probe control 34.

In one particular embodiment, the central processor
35 operates under a control program to poll the I/0 unit
36 to determine whether a command 1s received. This is
shown in FIG. 6 at step 80. If a READ FORCE command is
received, step 81 diverts control to step 82 that causes
the I/0 unit 36 to select and apply the signals from the
amplifier 52 to the gated ADC 51 thereby to produce a
number that the probe control reads at step 83. The
control 34 then uses the AF,, and AF,, numbers, Or
information derived from those numbers and stored in the
capacity buffer 42 or elsewhere during an initialization
process, to provide a normalized force reading in step 84.
Thereafter the corresponding data will transfer to the
system control in step 85 and control of the central
processor 35 then returns to await another command.

When a READ TEMPERATURE command is received, control
passes through steps 80 and 81 to step 86 that then
diverts control to step 87 whereupon the probe control 34
selects the temperature probe 15 as the input for the
gated ADC 51. The probe control 34 then reads the output
from the gated ADC 51 in step 90 and compensates that
reading in step 91 in a fashion analogous to that in which
the compensation of step 84 occurs. The system again
transfers control to step 85 so that the compensated
output corresponding to the temperature transfers to the

system control 33.
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When a READ CURVE command is received by the probe
control 34, the central processor 35 uses steps 80, 81 and
86 to transfer control to step 92 that diverts control to
step 93. Step 93 selects the RC generator 53. Step 94
transfers a reference to the gated ADC 51 and that number
is received and buffered by the probe control 34. This
process also initiates the charging of a capacitor in the
RC generator 53. The charging rate, in part, will depend
upon the shunt impedance produced by the substrate across
the electrodes 15A and 16. Step 95 takes a number of
rapid samples of this charging voltage and the probe
control buffers this information. When the process is
complete step 95 transfers to step 85 wherein the
reference and successive curve data samples are

transferred back to the system control 33.
Thus it will be apparent that the measurement module

75 in FIG. 4 can obtain various readings from the probe 10
by issuing a sequence of commands such as the READ FORCE,
READ TEMPERATURE and READ CURVE commands. An evaluation
module 96 can then utilize the information for a number of
functions and display information on the visual display
73, a printer or like device connected to the I/0 unit 71
or LCD display 23 in the probe 10 shown in FIG. 1 the
various readings that occur. With appropriate timing
these can become data sets for purposes of evaluation.

Therefore there has been disclosed a probe 10 and a
system control 33 that cooperate to obtain data concerning
substrate hydration. The RC generator 53 and electrodes
158 and 16 coact to provide a measurement of relative
substrate moisture. The amplifier 50 and thermocouple 15
provide a temperature at the sampling time, and an
amplifier 52 and electrodes 30 and 31 provide an
indication of the force with which the probe was applied
to the skin during the measurement. This data can then be
displayed for evaluation and further analysis for
determining relative substrate hydration.

FIG. 7 depicts a preferred embediment of this

invention that takes the form of a probe 100 that is a
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variation of the probe 10 in FIG. 1. The probe 100
contains a cylindrical housing 110 lying along an axis 111
between a first, distal end 112 and a second, proximal end
113. In the case of the probe 100 "distal" is meant to
refer to the end that is most the proximate the patient.
A connector 114 closes the proximal end 113 of the probe
housing 110. The distal end 112 of the probe housing 110
carries a sensor body 115. In this particular embodiment
the probe housing 110 also carries a printed circuit board
116 with a number of components represented by an
integrated circuit 117. The components on the printed
circuit board perform various functions. At a minimum
they include the functions of the probe control 34 in FIG.
4. In other embodiments they may incorporate the
functions of the system control 33 shown in FIG. 4. In
certain applications, it may be desirable to include all
the functions on the printed circuit board 116 and to
operate the probe as a self-contained, battery operated
measurement system. The end connector 114 could then be
used as a convenient means for downloading data to a
conventional computer system for storage and analysis.

FIGS. 8 and 9 depict the detail of one sensor body
115 at the distal end 112 of the probe housing 110. The
sensor body 115 includes a central conductor 120 that lies
along an axis 111. An inner coaxial insulator 121 lies
intermediate the central conductor 120 and an outer
coaxial conductor 122 surrounds the inner insulator 121.
In this specific embodiment, the central conductor 120 is
cylindrical, and the coaxial conductor 122 has an annular
form. An outer insulating body 123 is coaxial with this
structure. In accordance with this invention the
conductors 120 and 122 and the insulators 121 and 123
constitute a sub-assembly that fits within a housing 124
that, in turn, fits into the distal end 112 of the probe
housing 110.

The housing 124 surrounds a standoff 125 that carries
a rigid support 126 for a displacement type force sensor

127. The support 126 is transverse to the axis 111. The
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transducer 127 includes a plunger 130 that contacts a
proximal end 131 of the center conductor 120 and that
transfers any force to internal measuring components
within the transducer 127 that deflect under load. When
the sensor body 115 is assembled, the sub-assembly
comprising the conductors 120 and 122 and the insulators
121 and 123 is slip fit into the housing 124 such that the
sub-assembly can be displaced incrementally along the axis
111. During manufacture, this sub-assembly is shifted
fully to the left until a flange 133 formed on a portion
of the outer insulator 123 engages a projection 134 on the
standoff 125 that defines a distal-most position of the
subassembly, as shown in FIG. 9. Next the position of the
support 126 in the standoff 125 is adjusted until the
plunger 130 just engages the end 131 of the central
conductor 120. Then the support 126 is fixed to the
standoff 125, as by soldering or the like.

In use, when the probe 100 in FIG. 7 is applied to a
substrate, the distal end 135 of the sensor body 115
contacts the substrate. As force is applied by urging the
probe housing 110 distally, to the left in FIG. 7, the
sub-assembly including conductors 120 and 122 and
insulators 121 and 123 tends to shift proximally thereby
to increase the force on the plunger 130 whereupon the
transducer 127 generates a force signal that varies with
the applied force. When the probe 100 is removed from the
substrate, the internal components of the transducer, as
known, relax and return the sub-assembly to its original
positiomn.

FIG. 8 does not depict the connections of electrodes
120 and 122 to, or any conductive paths for conveying
force signals to, circuitry on the printed circuit board
116. Such connections are well within the capabilities of
persons of ordinary skill in the art.

Any number of different mechanical configurations
could be devised to provide this force measuring function.

The structure in FIGS. 8 and 9 could also be constructed
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to accommodate a temperature sensor in the same fashion as
is described with FIGS. 1 and 2.

If the conductors 120 and 122 are formed of a highly
conductive material, they can act as a heat sink that
artificially lowers the apparent temperature of the
substrate and introduce errors into any temperature
readings. FIG. 10 depicts an alternative structure that
minimizes temperature errors. A sensor body 115A has the
same general configuration as the sensor body 115 in FIGS.
8 and 9. However, the central conductor 140 and the
annular conductor 142 are constituted by a conductive pad
and ring, respectively, that lie only at the distal end of
an annular insulator 141. All these lie inside an outer
insulator that comprises two axially positioned,
contiguous sections 143A and 143B. The distal section
1432 includes inwardly extending, angularly spaced radial
spokes or arms 143C that support the inner insulator 141.

The sensor body 115A in FIG. 9 also includes a
standoff 145 that carries a transverse support 146 for a
displacement type force transducer 147 with a plunger 150.
In this particular example, however, the annular insulator
portion 143B provides as surface 151 for contacting the
plunger 150 by means of a closed end 152. The closed end
152 also forms radially extending, angularly spaced
shoulders, such a shoulder 153, that are partially
coextensive with the circumference of the outer insulator
portion 143B, like the shoulder 133 in FIG. 9. Thus, as a
force is applied to an end 155 of the sensor sub-assembly,
the sub-assembly including the conductors 140 and 142 and
the insulators 141, 143A and 143B, tend to shift
proximally thereby to transfer the force through the
plunger 150 to the transducer 147 to produce a force
signal.

FIG. 10 depicts conductors 156 and 157 attached to
the central and annular conductors 140 and 142
respectively and a conductor 160 attached to a thermistor
161. The conductors 156, 157 and 160 are merely shown as

being representative of connections that would made of any
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various means available to those of ordinary skill in the
art to provide the corresponding signals to circuitry on
the printed circuit board 115 shown in FIGS. 7 and 8.

With this structure the central conductor 140 and the
outer conductor 142 continue to function as electrodes for
obtaining substrate impedance measurements. However, the
reduced axial length of each minimizes any heat sink
effect. Consequently the thermistor 161 can provide more
accurate temperature readings related to the substrate
temperature at the site being monitored.

Thus in accordance with this invention there have
been disclosed different embodiments of a measurement
system for relative substrate hydration that can produce
indications of the moisture content of the substrate for a
number of different applications. Each is characterized
by having an elongated probe housing with a sensor body
mounted at a distal end that has first and second
electrodes for contacting the substrate at a site for
which a relative hydration measurement is desired. Each
acts as an input to an electrical impedance measurement
circuit. Each includes a force sensor in the probe
housing for generating a signal representing the force
exerted by the sensor body on the substrate, as an example
of an environmental factor. In each a signal processor
can use polling or other techniques to obtain these
signals. FIGS. 3 and 4 further depict specific circuitry
that can be contained either completely or partially
within the probe housging to obtain various values.

t will be apparent, that a number of variations can
be made to the specifically disclosed embodiment without
departing from the true spirit and scope of this
invention. For example, specific detailed sensor body
structures have been shown. Other structures could be
substituted using different force transducers and
temperature sensors. The circuitry on a printed circuit
board, such as the printed circuit board 116 shown in FIG.
7, can contain some or all of the electronics shown in

FIGS. 3 and 4 or even contain all the circuitry necessary
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for identifying patients and storing information for
subsequent downloading to an external data processing
system.

Therefore, it is the intent of the appended claims to
cover all such variations and modifications as come within

the true spirit and scope of this invention.
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Claims
1. A method for measuring relative hydration of a

substrate comprising the steps of:

nD) measuring electrical characteristics of the
substrate between electrodes contacting the
substrate,

B) measuring an environmental factor of the

substrate concurrently with saild measurement of
electrical characteristics, and

C) utilizing the measurements for said electrical
characteristics and environmental factor
measurements for obtaining a substrate impedance
value that represents relative hydration of the
substrate.

2. A method as recited in claim 1 wherein said
environmental factor is the substrate temperature and
said environmental factor measuring includes
measuring the temperature of the substrate at the
site of said electrical characteristic measurement.

3. A method as recited in claim 1 wherein said substrate
impedance measurement includes applying an impedance
sensor to the substrate and said environmental factor
igs the force with which the probe is applied to the
substrate, said environmental factor measuring
including measuring the force on the sensor at the
gsite of the electrical impedance measurement.

4. A method as recited in claim 3 additionally
comprising the step of measuring substrate
temperature and said environmental factor measuring
includeg measuring the temperature of the substrate
at the site of the electrical impedance
characteristic measurement.

5. A method as recited in claim 1 wherein said
electrical characteristic measuring step includes:

i) applying a probe with first and second
electrodes to the substrate, and
ii) iteratively measuring the impedance of the

substrate between the electrodes.
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A method as recited in claim 5 wherein said
environmental factor is the substrate temperature and
said environmental factor measuring includes
iteratively measuring the temperature of the
substrate at the site of said the electrical
impedance measurement concurrently with said
iterative impedance measurement.

A method as recited in claim 5 wherein said

environmental factor is the force with which the

probe is applied to the substrate and said
environmental factor measuring includes iteratively
measuring the force of the probe at the site of the
electrical impedance measurement.

A method as recited in claim 7 additionally

comprising the step of iteratively measuring

substrate temperature at the site of the electrical
impedance measurement.

A system for measuring the relative hydration of a

substrate comprising:

n) a probe having first and second electrodes for
contacting the substrate at a site for which a
measurement 1s desired,

B) an electrical impedance measurement circuit for
periodically generating a value representing the
impedance of the substrate between the first and
second electrodes,

C) an environmental factor measurement circuit for
periodically generating a value representing a
substrate environmental factor associated with
the impedance measurement, and

D) a substrate hydration calculator for receiving
the impedance and environmental factor signals.

A system as recited in claim 9 wherein the

environmental factor is substrate temperature and

said environmental factor measuring circuit includes

a temperature sensor in said probe for generating a

signal representing the temperature of the substrate

at the site.
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A system as recited in claim 9 wherein the
environmental factor is the force with which said
probe is applied to the substrate and said
environmental factor measuring circuit includes a
force sensor for measuring the force applied to one
of said electrodes.

2 system as recited in claim 11 additionally
comprising a temperature sensor in said probe for
generating a signal representing the temperature of
the substrate at the site.

A system for measuring the relative hydration of a
substrate including a measurement probe and a data

processing system wherein said measurement probe

comprises:
A) an elongated probe housing,
B) a sensor body mounted at one end of said probe

housing with first and second concentric
electrodes for contacting the substrate at a
gsite for which a measurement is desired,

C) an electrical impedance measurement circuit in
said probe housing for generating an impedance
signal representing the impedance of the
substrate between the first and second
electrodes,

D) a force sensor in said probe housing for
generating a signal representing the force
exerted by one of said electrodes on the
substrate,

E) a signal processor in said probe housing for
polling said electrical impedance measurement
circuit and said force sensor thereby to
generate processed 1mpedance and force
measurement signals, and

F) a connector at the other end of said probe
housing for enabling communications of the

processed impedance and force measurement

signals to said data processing system from said

signal processor.
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A system as recited in claim 13 wherein probe housing
lies along an axis, saild first electrode comprises a
central conductor lying on the axis and said second
electrode comprises a conductor coaxial with and
spaced from said central conductor, said probe
additionally including an insulator between said
central and coaxial conductors.

A system as recited in claim 14 wherein said sensor
body extends between a first end that contacts the
substrate and a second end proximate said probe
housing, said force sensor comprising:

i) a support attached at the second end of
said sensor body transverse to the axis,
and

ii) a displacement force transducer on said
support and contacting said sensor body
whereby any force applied to the first end
of said sensor body is transmitted through
said cylindrical conductor to said force
transducer.

A system as recited in claim 15 wherein said probe is
adapted to undergo a specified range of forces and
wherein said signal processor includes first and
second storage registers for the signal values from
said force transducer when the force applied to said
cylindrical conductor is at the first and second ends
of the force range, respectively.

A system as recited in claim 15 additionally
comprising a temperature sensor in said sensor body
to sense the temperature of the substrate proximate
the site at which said electrodes contact the
substrate, said signal processor additionally
including a circuit for generating a processed
temperature signal for transfer to the data
processing system.

A system as recited in claim 17 wherein said probe is
adapted to operate under a specified range of

substrate temperatures and wherein said signal
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processor includes third and fourth storage registers
for the signal values from said temperature sensor
when the temperature applied to said temperature
sensor is at the first and second ends of the
temperature range, respectively,

A system as recited in claim 17 wherein said signal
processor provides outputs for each of the impedance,
force and temperature readings and wherein said data
processing system includes means for requesting the
transfer of each of the readings.

A system as recited in claim 17 wherein said signal
processor provides outputs for each of the impedance,
force and temperature readings and wherein said data
processing system includes means for requesting the
transfer of each of the readings on an iterative
basis.

A system for measuring relative hydration of a
substrate including a measurement probe and a data

processing system wherein said measurement probe

comprises:
L) an elongated probe housing,
B) a sensor body mounted at one end of said probe

housing with first and second concentric
electrodes for contacting the substrate at a
site for which a moisture measurement 1is
desired,

C) an electrical impedance measurement circuit in
said probe housing for generating an impedance
signal representing the impedance of the
substrate between the first and second
electrodes,

D) a temperature sensor in said probe housing for
generating a signal representing the temperature
of the substrate contacting said electrodes,

E) a signal processor in said probe housing for
polling said electrical impedance measurement

circuit and said temperature sensor thereby to
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generate processed impedance and temperature
measurement signals, and
F) a connector at the other end of said probe
housing for enabling communications between said
data processing system and said signal
processor.
A system as recited in claim 21 wherein probe housing
lies along an axis, said first electrode comprises a
central conductor lying on the axis and said second
electrode comprises a conductor coaxial with and
spaced from said central conductor, said probe
additionally including an insulator between said
central and coaxial conductors.
A system as recited in claim 22 wherein said probe is
adapted to operate under a specified range of
substrate temperatures and wherein said signal
processor includes first and second storage registers
for the signal values from said temperature sensor
when the temperature applied to said temperature
sensor is at the first and second ends of the
temperature range, respectively,
A system as recited in claim 23 wherein said signal
processor provides outputs for each of the impedance
and temperature readings and wherein said data
processing system includes means for requesting the

transfer of each of the readings.
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