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(57) ABSTRACT

A device for non-invasive measurement of the internal
temperature of a physical body or thermal resistivity, the
body comprising a thermally conductive medium between
an internal region with a substantially constant internal
temperature and an external surface with a surface tempera-
ture. The device comprises: a patch comprising one or more
contact components for attachment to the external surface
and an insulating cover for substantially thermally insulating
the contact component from ambient thermal conditions; a
reader for acquiring one or more thermal magnitudes on the
patch; a processing unit for processing the thermal magni-
tudes to derive the internal temperature of the internal region
or the thermal resistivity of the conductive medium.
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TEMPERATURE MEASUREMENT DEVICE

FIELD OF THE INVENTION

[0001] The present invention relates to high speed, accu-
rate temperature measurement. More particularly it relates to
a device for calculating an object’s internal temperature
based on measuring the object’s surface temperature.

BACKGROUND OF THE INVENTION

[0002] Internal temperature of a physical object can be
determined from the object’s external surface temperature as
measured using conduction-based devices or radiation-
based devices. The object being measured is assumed to
have an interior with an internal temperature in a substan-
tially steady state and external surface. There are many
examples where it is desirable to know the internal tem-
perature of such an object. Examples: monitoring the safety
level inside a tank holding hazardous chemicals, determin-
ing whether livestock are ready for insemination, or check-
ing the temperature of a patient in a hospital.

[0003] This background section of this invention specifi-
cation reviews temperature measurement solutions for the
body of a human being as that is a common application of
temperature measurement of an object and illustrates the
prior art technology.

[0004] For conduction-based measurement, the thermom-
eter probe must be in contact with the body the entire time
during the measurement. The temperature measurement is
aimed at measuring the temperature of internal body tissues,
which is very close to the core body temperature. The
measuring device is brought into contact with external
tissues, such as the skin or more preferably, somewhat
thermally insulated external tissues, such as the throat. It can
take about 10 minutes for convection from the external
tissue to bring the measuring device to equilibrium tempera-
ture at which the internal tissue temperature can be mea-
sured. Such a long measurement time is inconvenient for the
patient.

[0005] In order to shorten measurement time, a predictive
algorithm can be used. However, often this incurs a tradeoff
of less accuracy for shortened measurement time.

[0006] On the other hand, infra-red (IR) radiation is a very
fast method of temperature measurement. Again, the most
accurate measurement is made from protected external tis-
sues, therefore IR thermometers typically measure tympanic
(eardrum) temperature.

[0007] However, such a measurement is considered inva-
sive, which may disturb the patient. Also, there is a limita-
tion due to the fact that ear canal is not always straight so
there is no direct line of sight to the eardrum. Furthermore,
when using radiation for direct skin temperature measure-
ment, the measurement is affected by environment tempera-
ture.

[0008] A variation on conduction-measurement is a ther-
mometer that in permanent contact with the patient’s skin.
This solution can result in high accuracy due to the fact that
the permanently-attached thermometer has had the time to
reach thermal equilibrium by the time the temperature
measurement is made.
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[0009] However, having the thermometer attached to the
body is problematic. It is inconvenient for the patient to
“carry” such a device for a long time, especially for babies.

[0010] The present invention also makes use of the prin-
ciple of prolonged contact for highly-accurate conduction.
However only a passive component is in contact with (worn
by) the patient. The actual measurement is done either by an
IR measurement device that reads the temperature from the
passive conductive contact device or by suitable electronic
device in the case the passive component includes heat
transducers.

[0011] It has been established by an earlier invention by
the present inventors, U.S. Pat. No. 6,280,0397, entitled
“HIGH SPEED ACCURATE TEMPERATURE MEASUR-
ING DEVICE” (2001) that heat flux emitted from a human
body, i.e., from blood vessels to the skin, together with the
temperature measured on the skin may be used to accurately
derive the body’s inner temperature. The current invention
also relates to using heat-flux in temperature measurement,
however the analysis is done in steady state rather than in
transient state. In steady state, the heat flux is constant and
all the time derivatives of the temperatures are zero. Thus,
a simplified model can be used to derive the internal
temperature. The current invention further differs from the
earlier patent in that it reads temperatures relating to a
surface in persistent contact with the surface of the measured
object, thereby enabling accurate calculation of the inner
body temperature.

[0012] In summary, it is a main object of the present
invention to provide a means for convenient, fast, accurate
internal temperature measurement.

[0013] Other objects and advantages of the present inven-
tion will become apparent after reading the present specifi-
cation and reviewing the accompanying drawings.

BRIEF DESCRIPTION OF THE INVENTION

[0014] There is thus provided in accordance with a pre-
ferred embodiment of the present invention, a device for a
non-invasive measurement of the internal temperature or the
thermal resistivity of a physical body, the body comprising
a thermally conductive medium between an internal region
with a substantially constant internal temperature and an
external surface with a surface temperature, the device
comprising:

[0015] a patch comprising at least one contact compo-
nent for attachment to the external surface and an
insulating cover for substantially thermally insulating
the contact compornent from ambient thermal condi-
tions;

[0016] a reader for acquiring one or more thermal
magnitudes on the patch;

[0017] a processing unit for processing said at least one
or more thermal magnitudes to derive the internal
temperature of the internal region or the thermal resis-
tivity of the conductive medium.

[0018] Furthermore, in accordance with another preferred
embodiment of the present invention, gas is provided
between the insulating cover and the contact component.

[0019] Furthermore, in accordance with another preferred
embodiment of the present invention, the gas is transparent
to infra-red radiation.
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[0020] Furthermore, in accordance with another preferred
embodiment of the present invention, the gas is air.

[0021] Furthermore, in accordance with another preferred
embodiment of the present invention, a vacuum is provided
between the insulating cover and the contact component.

[0022] Furthermore, in accordance with another preferred
embodiment of the present invention, the patch comprises at
least one of a plurality of measurement locations character-
ized in that different measurement locations facilitate dif-
ferent thermal boundary conditions on the external surface.

[0023] Furthermore, in accordance with another preferred
embodiment of the present invention, the patch comprises
three measurement locations.

[0024] Furthermore, in accordance with another preferred
embodiment of the present invention, the measurement
locations are characterized as having distinct properties
selected from the group of properties comprising: different
thermal conductivity, different thickness, or different emis-
sivity, thus facilitating different boundary conditions on the
external surface.

[0025] Furthermore, in accordance with another preferred
embodiment of the present invention, the patch comprises at
least one of a plurality of measurement locations charactet-
ized in that each measurement location facilitates two or
more measurement spots facilitating different thermal
boundary conditions on the external surface.

[0026] Furthermore, in accordance with another preferred
embodiment of the present invention, the different thermal
boundary conditions are characterized as having distinct
properties selected from the group of properties comprising:
different thermal conductivity or different thickness.

[0027] Furthermore, in accordance with another preferred
embodiment of the present invention, the measurement
locations are separated by thermal insulation.

[0028] Furthermore, in accordance with another preferred
embodiment of the present invention, said two or more
measurement spots are separated by a distance that is
substantially smaller than the distance separating adjacent
measurement locations to eliminate or greatly reduce two
dimensional effects.

[0029] Furthermore, in accordance with another preferred
embodiment of the present invention, the patch is provided
with at least one pair of thermally separated heat or tem-
perature transducers for each measurement location, each
transducer provided with leads to terminals external to the
patch, which the reader can contact for reading.

[0030] Furthermore, in accordance with another preferred
embodiment of the present invention, the reader is an
infra-red radiation radiometer.

[0031] Furthermore, in accordance with another preferred
embodiment of the present invention, the insulating cover is
provided with a point of access through which the radiom-
eter can acquire one or more thermal magnitudes on the
patch.

[0032] Furthermore, in accordance with another preferred
embodiment of the present invention, the point of access is
selected from the group comprising: a window, an opening,
a diaphragm, or a shutter.
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[0033] Furthermore, in accordance with another preferred
embodiment of the present invention, the contact compornent
comprises one location of substantially low thermal resis-
tivity and substantially low emissivity, the cover has low
emissivity, and wherein the cover is large enough to avoid
lateral heat flux, thereby allowing at a thermal steady state
the temperature on the contact component to be substantially
equal to the internal temperature.

[0034] Furthermore, in accordance with another preferred
embodiment of the present invention, the device further
comprises a user interface for enabling a user to calibrate
and operate the reader and to be informed of the calculated
internal temperature.

[0035] Furthermore, in accordance with another preferred
embodiment of the present invention, the patch further
comprises identification information about the physical
body, the reader further comprises means for reading iden-
tification information.

[0036] Furthermore, in accordance with another preferred
embodiment of the present invention, the means for reading
the identification information is a bar code reader.

[0037] Furthermore, in accordance with another preferred
embodiment of the present invention, the patch includes
patient identification information.

[0038] Furthermore, in accordance with another preferred
embodiment of the present invention, the contact component
is provided with adhesive material for adhering the contact
component to the external surface.

[0039] Furthermore, in accordance with another preferred
embodiment of the present invention, the patch is provided
with at least one adhesive surface.

[0040] Furthermore, in accordance with another preferred
embodiment of the present invention, the reader is provided
with a data communication interface to another device for
storage or further processing the data

[0041] Furthermore, in accordance with another preferred
embodiment of the present invention, the processing unit is
provided with a data communication interface.

[0042] Furthermore, in accordance with another preferred
embodiment of the present invention, the patch further
comprises an aligner for proper alignment of the reader.

[0043] Furthermore, in accordance with another preferred
embodiment of the present invention, the reader further
comprises a reading end that comes into contact with the
patch during reading, the reading end provided with a
disposable cover.

[0044] Furthermore, in accordance with another preferred
embodiment of the present invention, the reader further
comprises a reading end that comes into contact with the
patch during reading, the reading end provided with a
disposable cover. wherein the disposable probe cover is
provided with electrically conductive coating enabling elec-
trical contact to the terminals external to the patch.

[0045] There is thus also provided in accordance with a
preferred embodiment of the present invention, a method for
non-invasively measuring the internal temperature or ther-
mal resistivity of a physical body, the body comprising a
thermally conductive medium between an internal region
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with a substantially constant internal temperature and an
external surface with a surface temperature, the method
comprising:

[0046] placing a patch comprising at least one contact
component and an insulating cover with the contact
component in contact with the external surface and
allowing the contact component to reach a thermal
steady state;

[0047] acquiring one or more thermal magnitudes on
the patch using a reader;

[0048] processing with a processing unit said at least
one or more thermal magnitudes to derive the internal
temperature of the internal region or the thermal resis-
tivity of the conductive medium;

[0049] Furthermore, in accordance with another preferred
embodiment of the present invention, the method comprises
measuring the thermal resistivity of the physical body.

[0050] Furthermore, in accordance with another preferred
embodiment of the present invention, the method further
comptises:

[0051] acquiring thermal magnitudes at a plurality of
measurement locations on the patch;

[0052] solving a set of equations relating to a plurality
of measurement locations to derive the internal tem-
perature or the thermal resistivity of the conductive
medium, using the relation at each location given by

K,
g% = (A—)fz}(Tdeep —-Ts)
[0053]

[0054] q"j is the heat flux across the thermally con-
ductive medium

where

[0055] K. is the effective conductivity of the ther-
mally conductive medium

[0056] AX is the thickness of the thermally conduc-
tive medium

[0057] T, is the temperature measured on the skin
surface

[0058] T, is the internal temperature

deep

[0059] Furthermore, in accordance with another preferred
embodiment of the present invention, the method further
comptises:

[0060] acquiring thermal magnitudes is done at differ-
ent measurement spots at each of a plurality of mea-
surement locations on the patch,

[0061] solving a set of equations relating to a plurality
of measurement locations to derive the internal tem-
perature or the thermal resistivity of the conductive
medium, using the relation at each location given by
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o K T'—[Kgff\le Tsi
q _m( szA—T ci) = E,( eep — Tsi)

[0062] where

[0063]

[0064] K_; is the conductivity of the contact compo-
nent at spot S of the i-th location

[0065] AXsi is the thickness of the contact com-
ponent at spot S of the i-th location

q" is the heat flux

[0066] T, is the temperature of the contact compo-
nent at spot S of the I-th location

[0067] T, is the temperature of the contact compo-
nent at spot C of the I-th location

[0068] K_; is the effective conductivity of the ther-
mally conductive medium

[0069] AX is the e thickness of the thermally con-
ductive medium

[0070] T, is the internal temperature

[0071] Furthermore, in accordance with another preferred
embodiment of the present invention, the contact component
comprises one location of substantially low thermal resis-
tivity, allowing the temperature on it at a steady state to be
substantially equal to the internal temperature, and wherein
the step of deriving temperature comprises taking the inter-
nal temperature to be substantially equal to the external
temperature.

[0072] Furthermore, in accordance with another preferred
embodiment of the present invention, deriving the internal
temperature involves adding a known correction value from
a predetermined calibration table.

[0073] Furthermore, in accordance with another preferred
embodiment of the present invention, the method further
comprises repeatedly determining heat flux at the contact
component and indicating if the contact component has
reached a thermal steady state when the heat flux is sub-
stantially constant.

[0074] Furthermore, in accordance with another preferred
embodiment of the present invention, the method further
comprises repeatedly determining the temperature at the
contact component and indicating if the contact component
has reached a thermal steady state when the temperature is
substantially constant.

BRIEF DESCRIPTION OF THE FIGURES

[0075] The invention is described herein, by way of
example only, with reference to the accompanying Figures,
in which like components are designated by like reference
numerals.

[0076] FIG. 1 illustrates heat flux q", on the external
surface of a human body.

[0077] FIG. 2 is a block diagram of the present invention.
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[0078] FIG. 3A is a cross section side view of a first
preferred embodiment of the present invention with an
infrared radiation reader.

[0079] FIG. 3B is a cross section side view of a first
preferred embodiment of the present invention with a ther-
mal transducer output reader.

[0080] FIG. 4 illustrates a patch attached to a patient and
a reader in accordance with the present invention.

[0081] FIG. 5Ais a cross section side view of a patch in
accordance with a first preferred embodiment of the present
invention.

[0082] FIG. 5B is a top view of a patch implemented as
concentric rings having different emissive characteristics in
accordance with a first preferred embodiment of the present
invention.

[0083] FIG. 5C is a cross section side view of a patch
implemented as concentric rings having different emissive
characteristics in accordance with a first preferred embodi-
ment of the present invention.

[0084] FIG. 5D is a top view of a patch implemented as
adjacent circles having different emissivity, conductivity,
and thicknesses in accordance with a first preferred embodi-
ment of the present invention.

[0085] FIG. 5E is a cross section side view of a patch
implemented as adjacent circles having different emissivity,
conductivity, and thicknesses in accordance with a first
preferred embodiment of the present invention.

[0086] FIG. 5F is a top view of a patch implemented as
concentric rings having different emissivity, conductivity,
and thicknesses in accordance with a first preferred embodi-
ment of the present invention.

[0087] FIG. 5G is a cross section side view of a patch
implemented as concentric rings having different emissivity,
conductivity, and thicknesses in accordance with a first
preferred embodiment of the present invention.

[0088]

[0089] FIG. 7 is a cross section side view of a contact
component in accordance with a second preferred embodi-
ment of the present invention.

[0090] FIG. 8A is a top view of a contact component in
accordance with a second preferred embodiment of the
present invention.

[0091] FIG. 8B is a cross section side view of a second
preferred embodiment of the present invention.

[0092] FIG. 9 i a cross section side view of a contact
component in accordance with a third preferred embodiment
of the present invention.

FIG. 6 is a diagram of heat flux balance.

DETAILED DESCRIPTION OF THE
INVENTION

[0093] The present invention is aimed at measuring the
temperature or the thermal resistivity of an object having an
internal region with a temperature that is in a substantially
thermal steady state, the region being in contact with a
thermally conductive medium comprising one or more lay-
ers, the medium having an external surface that is accessible
for reading temperatures related to the surface.
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[0094] One example is measuring the temperature of a
liquid flowing through an insulated pipe, with the medium
being the pipe wall and the external surface being the outside
insulation of the tank. Another example (FIG. 1) is measur-
ing the temperature of the blood vessels (Tdeep) of a patient,
with the medium being layers of tissues above the blood
vessels and the external surface being the skin surface
(temperature Ts).

[0095] For illustrative purposes, this detailed description
focuses on measurement of the temperature of the body core
of a patient. Therefore, it should be borne in mind that where
this description refers to “body core”, “tissues”, and “skin
surface”, these terms are representative respectively of the
more generic terms “internal region with a temperature that

is in a substantially thermal steady state”, “medium”, and
“external surface”.

[0096] FIG. 1 illustrates the heat flux q", on the external
surface of a body. Heat flows between the body core
(Tdeep), and the external skin surface (Ts) via one or more
layers of tissue. The direction of flow is from the area having
the higher temperature to the one having lower the lower
temperature. If it happens that the temperatures are equal,
then the heat flux=0. It is assumed that the body is in a
substantially in thermal steady state and that the heat flux is
substantially constant.

[0097] The present invention derives Ts and q", from
temperature measurements relating to the skin surface and
then determines the value of Tdeep and/or the value of the
thermal resistivity of the conductive medium, defined as the
relation between the effective conductivity and the thickness
of the medium, by applying the one-dimensional steady state
relation:

,_(Kar »
gl = [ﬁ](Tdeep -Ts)

[0098] where:

[0099] q",is the heat flux determined from temperatures
measured at several locations on the skin surface

[0100] Keff is the total equivalent conductivity of all
layers between the skin surface and the layer of blood
vessels under the surface tissues.

[0101] AX is the distance from the surface to the layer
of blood vessels

[0102] Tg is the temperature measured on the skin
surface

[0103] As mentioned, the relation

()
AX

represents the effective thermal resistivity of the conductive
medium under discussion.

[0104] The present invention derives the value of Tdeep
and/or the effective thermal resistivity of the conductive
medium by measuring temperatures at one or more points in
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substantially steady thermal state on the skin surface. The
points in question are located on a passive device, or patch,
mounted in contact with the exterior surface of the body long
enough to reach a thermal steady state.

[0105] FIG. 2 illustrates the major elements of the present
invention. The invention includes a temperature-related-
magnitude reader 12, which can be implemented in several
ways. FIG. 3A illustrates an implementation that reads
radiated IR energy. FIG. 3B illustrates an implementation
that reads electronic signals.

[0106] Patch 10 is a passive component that is attached to
the patient’s body. It can be attached using various well
known attachment means. For example, for attachment to
the body, patch 10 can comprise an adhesive on the surface
in contact with the body or a strap for attachment to the
body. In an industrial implementation, patch 10 could be
attached to the object by a fastener, by welding, or by
various other attachment means that are well know in the art.

[0107] Patch 10 comprises one or more contact compo-
nents 11 in substantially thermal steadystate (thermal equi-
librium) and covered by one or more covers 13. Contact
component 11 is characterized by being highly conductive.
Contact component 11 should be large enough to avoid
two-dimensioned lateral heat flow effects perpendicular to
the axis of heat flow from the internal region to the external
surface. Examples of suitable material for the contact com-
ponent is foil made from stainless steel or aluminum coated
with a thin layer of a biocompatible coating. Cover 13 is
characterized by having good insulation characteristics and
being opaque to radiation. It insulates contact component 11
from ambient thermal conditions. While the term “patch” is
used herein, it should be understood to refer generally to any
passive component comprising a contact component 11 and
cover 13 and attached to the object to be measured (for
example, the patient’s body).

[0108] The volume 23 defined by contact component 11
and cover 13 is characterized by being a good insulator, for
example, a gas such as air, or a vacuum. Its constituent
material also depends on the type of device used as a reader
12. If the reader is an IR-radiation radiometer, then the
volume is also characterized by being partially or fully
IR-radiation transparent. If the reader is based on other
principles, such as reading electrical signals or electrical
properties related to temperatures (as is described later), then
the volume can be IR-opaque.

[0109] Reader 12 is used for reading thermal magnitudes
related to temperatures at points on contact component 11
(and in one embodiment, on cover 13 as well). This can be
done in a variety of ways.

[0110] One implementation of reader 12 is as an IR
radiometer that reads the IR radiation at the points (FIG.
3A). In that case, it is necessary for cover 13, which is
opaque to radiation, to include an aligner 19 for aligning
reader 12 over the point and a small access point 24 in cover
13 through which radiation can pass for reading by the
radiometer. One way to implement access point 24 is to
make it permanently IR-transparent but small enough not to
allow significant IR radiation to escape, for example as a
window or opening. Another way to implement access point
24 is to make it IR-opaque but capable of being opened by
radiometer reader 12 at the time of the reading, for example,
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as a spring-hinged shutter that is pushed open by the
radiometer and closes when the radiometer is removed or as
a diaphragm such as an aperture used to light entering a
camera. Although it is not critical in this embodiment and in
the second embodiment, how much radiation escapes
through access point 24, it is preferable to minimize it for
better signal to noise ratio.

[0111] Another way to implement reader 12 is as a device
that derives a measurement from characteristics of electrical
signals or electrical properties (FIG. 3B). In that case, points
on patch 10 that are to be read are provided with a tem-
perature transducer such as a thermistor 25 or thermocouple
and the transducer output is run over leads 28 to terminals
27 on the exterior of cover 13 and to which the reader can
be aligned using aligner 19 in order to read the terminal
output. In order to provide the heat flux one can use two
thermistors separated by insulation 26.

[0112] Processing unit 14 comprises memory 17 for data
retention and comprises a processor 15 for processing the
signals from reader 12 to determine the temperature at the
points read and to apply algorithms to those temperatures to
derive Tdeep.

[0113] User interface 16 can comprise various user inter-
face controls, such as, display, buzzer, or control buttons, for
enabling a user to operate reader 12 and be informed of
processed information, in particular the value of Tdeep.

[0114] Reader 12 or processing unit 14 can also be pro-
vided with a data communication interface 35 for commu-
nication with external devices such a PC for data transfer or
control. The communication can be wired or wireless, for
example, a standard PC universal serial bus (USB) interface.

[0115] Power supply 33 powers active components of
reader 12, processing unit 14, and user interface 16. Depend-
ing on the application the power supply could be cable to a
permanent voltage source, a rechargeable battery or battery
pack, or other power source.

[0116] In many implementations of the present invention,
such as the medical implementation described here, it may
be preferable for reasons of convenience in usage and
manufacture to combine reader 12, processing unit 14, and
user interface 16 into a single device.

[0117] In implementations, such as medical, where steril-
ity is required, reader 12 may include a means for isolating
reader 12 from direct contact with patch 10 to avoid cross
contamination. In such a case, reader 12 further comprises a
reading end that comes into contact with the patch during
reading and a disposable probe cover attached over the
reading end before a measurement is taken. Also, in such
implementations, patch 10 is preferably implemented as a
disposable adhesive patch comprising bio-compatible, inex-
pensive materials.

[0118] Patch 10 may include an ID information mean such
as a bar code and reader 12 may include an ID reading
means, such as a bar code reader.

[0119] FIG. 4 illustrates a patch 10 attached to a patient 9
and being read by reader 12. In this case of measuring
human body temperature, patch 10 is preferably attached to
the patient’s skin at a point adjacent to an artery, such as the
carotid artery, which has a temperature that is substantially
identical to the body core temperature. As the figure shows,
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the present invention is noninvasive and very convenient for
both the patient and practitioner. Patch 10 can be left
attached continuously to the body of the patient for an
extended period, for example as an adhesive patch. Within
a short period after it has been attached to the body, contact
component 11 reaches a steady state after which it can be
read at any time by reader 12. The reading is processed by
processing unit 16 to derive the internal temperature (Tdeep)
and/or the thermal resistivity, which can be communicated to
a user via user interface 16, for example as a numerical
representation on a set of 7-segment displays. The internal
temperature as well as the patient ID could also be commu-
nicated via the communication interface to an external
device such as PC.

[0120] There are three primary preferred embodiments of
the present invention. These embodiments, once understood,
will suggest various equivalent implementations to one
skilled in the art.

[0121] A first embodiment of the present invention is now
described with reference to FIG. 3A. This embodiment
requires that reader 12 be the IR radiometer implementation
described earlier with reference to FIG. 3A. Therefore, in
this embodiment, cover 13 of patch 10 comprises access
point 24, enabling IR-radiation reading. Two readings are
made, one measurement through access point 24 of IR
radiation at a point, such as the one labeled 1 in the figure,
on the surface of contact component 11, the other one, such
as the one labeled 2 in the figure, on the external surface of
cover 13. As will be explained later, for greatest accuracy, it
is preferably to measure at least three pairs of such points 1
and 2, for example using a patch 10 implementation such as
the one shown in FIG. 5A. In that implementation, contact
component 11 is divided into three sections, A, B, and C,
each having a different thermal boundary condition, hence a
different q"_ and T,. Thermal boundary conditions of points
on contact component 11 can vary depending on the local
features of the contact component such as thickness, its
conductivity, or its emissivity. It should be noted that it is
imperative to create a differentiation between the points.
One can achieve it by using one or a combination of the
features mentioned above.

[0122] Each section is thermally isolated from the others
to eliminate lateral thermal conduction or convection
between the sections. The thermal insulation can take the
form of fully separate covers 13 as in FIG. 5A or dividers
between sections with a common cover.

[0123] Several other implementations of this first embodi-
ment are now described. FIG. 5B is a top view and FIG. 5C
is a side view cross section of an implementation of contact
component 11 where sections A, B, and C are implemented
as concentric rings having different emissive characteristics
and thermally isolated with dividers 31.

[0124] FIG. 5D is a top view and FIG. 5E is a side view
cross section of an implementation of contact component 11
where sections A, B, and C are implemented as adjacent
circles having different emissivity, conductivity, and thick-
nesses.

[0125] FIG. 5F is a top view and FIG. 5G is a side view
cross section of an implementation of contact component 11
similar to that of FIG. 5D and FIG. 5E but where sections A,
B, and C are implemented as concentric rings.
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[0126] The measurement of the heat flux is now described
with reference to FIG. 6. Note: The direction of heat flow
between contact component 11 and the skin is from the
higher temperature to the lower. It is assumed for the sake
of description that contact component 11 is cooler and
therefore the flow is from the skin to the component. This is
also shown in FIG. 6.

[0127] We can ignore convection from contact component
11 to the environment as this is minimized by insulating
cover 13. Since contact component 11 is in a thermal steady
state, the energy balance on its surface is such that the total
amount of heat coming into the component equals the
amount going out.

[0128] Therefore, either:

[0129] (4" F\J4(q", F,)-(q"F))=0: (when contact
component 11 is in a thermal steady state (thermal
equilibrium)

[0130] or:

" F)-(¢"wF)=q"hy (1)

[0131] where:

[0132] F, is the area of the contact component 11

surface and where:

[0133] q".F, is the incoming heat energy per time unit
from the skin surface to the contact component 11 via
conductivity.

[0134] g, "F, is the incoming heat energy per time unit
radiated back to contact component 11 from the inside
of cover 13.

[0135] q,."F;- is the outgoing heat energy per time
unit radiated by contact component 11 Dividing equa-
tion (1) by

[0136] F, and defining the difference between the
incoming and outgoing radiation as Aq we get:

AG=q o~ Gin "= @

[0137] For a steady state and omitting convection losses,
by the definition of heat flux we derive:

. AT (Kg 3)
gr =K- Ve (E](Tdeep - Tsurface)
[0138] However, from the radiation equations for the case

of two co-radiating surfaces, it can easily be proven that Aq,
in our case is given by:

@

oT! - o7 @
l-g 1-5

&1 &2

Ag =45, —qi =

(Fi/F)+1
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[0139] or, by substituting in equation (2)

U'Tf—U'Tg
—g l-g

2

— (Fi/Fi)+1
e &2

[0140] where

[0141]

[0142] T, is the temperature of insulating cover 13, which
can be measured directly. T, is the temperature of the surface
of contact component 11 at point 1, which is measured
indirectly by radiometer reader 12. Using T, and T, in
equation (4), the (incoming) conductive heat flow (q,") at
contact component surface point 1 can be calculated. It
should be noted here that q," is equal to q," as they both are
representing the heat flux on the contact component surface.
Thus, one can substitute q," in equation (3) instead of q,".

[0143]

o is the Stephan Bolzman constant

In equation (3), we have

(5)
AX

and Tdeep as unknowns. Based on (3) we can have:

AX
;] ( ] — Tdeep = -Tsurface
Ker

[0144] Tsurface is T,. Both Tsurface and q,." are derived
from measurements There are a various techniques for
solving for the remaining two unknowns

(5%),

and Tdeep). As the model is based on the assumption that the
medium as well as the patch are in thermal steady state, it is
imperative to determine weather they are in thermal steady
state or not before deriving the values of

(=),

and Tdeep. Thermal steady state is characterized by constant
heat flux. One can use repeated measurements to obtain a
series of q," values and once the changes are within a
predetermined acceptable range, say 1% of the value, one
can deter mine that the thermal steady state condition has
occurred.

[0145] One technique is the Least Square method. For two
unknowns, at least three equations are required. The values
for the three equations are retrieved by making three differ-
ent measurements at spots A, B, and C, each spot having
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unique thermal boundary conditions, which create a unique
surface temperature at that spot. The thermal boundary
conditions refer to different conductivity, thickness, emis-
sivity, or a combination of them. Repeating equation (3) for
each spot yields a system of linear equations.

[0146]

AX,
| ()
X=|\K g

Tdeep

We define unknown vector

[0147] and matrix

g, -1
A2lag -1
G -1

[0148] Where b is defined as:

—Tsurface

b =| ~Tsurfacey

—Tsurface

[0149] the vector of temperature surface measurements at
three points.

[0150]
4X=b )
[0151] Dimension (3*2) (2*1) (3*1)

[0152] where A is the “model” matrix, X is the unknown
vector for estimation, and

[0153]

We can rewrite (3) in the following way:

b is the vector of the measurements.

[0154] As mentioned, to make the three surface measure-
ments spots, three areas (A, B, C) are provided on contact
component 11 of patch 10, each having different boundary
conditions and each substantially thermally insulated from
the others. FIG. 5A illustrates a sample implementation of
such an embodiment of patch 10, wherein the patch is
divided into areas A, B, and C with different emissivities,
each location with its own cover 13. Alternatively, a single
cover could be used with dividers insulating each location
from the others. In addition to the surface measurements, a
measurement T, is made on at least one of covers 13.

[0155] If the emissivity is differentiated enough in each
area, we will measure three different surface temperatures
(Toursuce, ) as well as three different incoming conducted
heat flows (q, 4 5 ") from which one can derive the internal
temperature (Tdeep) and the effective thermal resistivity
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between the interior and the surface. Note: Due to inaccu-
racies associated with the measurements and the one dimen-
sional model, the accuracy of the values of Tdeep and

&
AX

can be further improved by correcting these values using a
predetermined correction table, equation based on empirical
data, or more complicated models.

(Note that TeA,B isusedtoderiveT,  according to equation
(7) (described later) while T, which is measured directly.)

[0156] Radiometer 12 is used to read the effective surface
temperature T, of contact component 11 at point 1 in each of
areas A, B, and C, and it is used to read temperature T, of
cover 13 at point 2.

[0157] The calibration of radiometer 12 is now described.
In calibration versus black body, for every temperature the
output power measured on the radiometer’s sensor, that is:

P( at ) =1 d—g wrt, -oTe*

4

cm?

[0158] where:

d =Diameter of sensor.

o=The sensor’s spatial angle.

1 =Transmissivity of IR-read access point 24.
o=Stephan Bolzman constant.

T =Effective temperamre of a black body

[0159] In our case, where power resulting from radiation
into the radiometer is measured:

2 (©)
HIOLQTO(EI/Tf +p5, TH=K-T

K

[0160] That is, the temperature measured in the radiometer
is a combination of T and T,.

[0161]
Tf=ey T peyy*
[0162] And if we substitute the €,; and €, terms, we get:

™

We can simplify and write that:

F
Tf{b‘l&z + szb‘l] + T;plé‘z
2

=

F
+ —
& A £102

[0163] This equation links the temperature T, that reader
12 detects at point 1 on contact component 11 and the
temperature T, that reader 12 detects at point 2 on the
surface of insulating cover 13.
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[0164] Therefore, once we have values €, €,, F, F,, p,
and T, defined, we can easily derive value T, from the
radiometer’s reading T, at location 1.

[0165] A second embodiment of the present invention is
now described with reference to FIG. 7, which is a cross-
sectional view of patch 10 in this embodiment.

[0166] Whereas, in the first embodiment T, (surface tem-
perature) and q", are derived using equation (4), in the
second embodiment described here, parameter q", is mea-
sured by direct measurement of the temperature difference
between two points on the surface of contact component 11.

[0167] In this embodiment, contact component 11 com-
prises different measurement spots having different thermal
boundary conditions determined by different thermal con-
ductivity, and/or different thickness. For example, in FIG. 7,
spot S 1s directly on contact component 11 while spot C is
on top of a layer of insulation 19.

[0168] Each spot (S and C) is covered by a cover 13 as was
described earlier. Temperatures at spots S and C are read by
reader 12, which can be any of various implementations (for
example radiometer, transducer signal reader, or other spot
thermal magnitude reader) as was mentioned earlier.

[0169] In area S, the radiometer directly measures the
steady state temperature of the contact surface, defined as
Tg. In area C, the radiometer measures temperature T on
top of insulation member 19, which is lower than Tg.

[0170] The heat flux on top of insulation 19 (point C) is
given by:
,_ Ks
gs = A_XS(TS -To)

[0171] with the assumption that there are no lateral effects
due to spatial heat flow.

[0172] Thus, from the temperature difference between
spots (S and C) on contact component 11 a magnitude can
be derived that is linearly related to the heat flux. To prevent
lateral effects, contact component 11 has to be large relative
to the distance between point S and point C.

[0173] Since in a steady state all the heat fluxes throughout
the layers are constant, one can write:

oK T)—(Kef](m Ts)
7= mx et =gy Jre =

From here we get:

Ks AX
T(S

—_— — Tdeep = -Ts
AXy Keﬁr]
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[0174] In order to solve the equation, we will note that
the unknowns here are:

k(%)

and Tdeep
It should be noted that

5%,

can be measured directly or calibrated during manufacture
of patch 10, however as this parameter is a multiplying
the

=
Koy
term, one can refer to the multiplication

k(5]

as an unknown, unless the explicit value

=)
Kefr

is required. In such a case, after obtaining the unknown

k(%)

one can divide it by the calibrated value of

to get.
(‘( ]
eff

[0175] To find two unknowns by means of a least square,
three measurements pairs are required, and therefore we will
define in this configuration three measuring locations, each
with a pair of measurement spots s; where we will measure
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values of Ts; and ¢; where we will measure values of Tc;
where the index i indicates the measurement location. Thus,
in the case where we use three locations, we will get the
following pairs of measurements: Ts;, Tc, at the first loca-
tion, Ts,, Tc, at the second location and Ts,, Tc, at the third
location. All of these spots will have different thermal
boundary conditions, as for example, by having different
insulation (194, 195, 19¢). Next to each spot ¢; is a spot s;,
located close enough to the c; spot that their separation
distance is substantially smaller than the distance separating
adjacent measurement locations. As will be shown later, the
difference between each pair of temperatures Ts,, Tc, is used
to calculate the one dimensional heat flux from the internal
region towards the external surface. Normally, the two spots
have to be located on the same axis along which the heat flux
is measured. On the other hand, in the case of using
radiometer as the reading device, it is imperative to get a line
of sight to both of the spots at the same time. For this reason
the two spots are located one beside the other. To enable the
radiometer measurement, but still to get a valid measure-
ment of the heat flux along the same axis, we minimize the
distance between spots s; and c;, and therefore the one
dimensional assumption remains valid.

[0176] Note: In the case where contact component 11 has
high conductivity, Ts1~Ts2~Ts3, so it is enough to measure
one Ts value.

[0177] This configuration of contact component 11 is
shown in top view in FIG. 8A and in side view in FIG. 8B.

[0178] Inthe case of using heat or temperature transducers
in the patch, each pair of transducers that are located in one
location should be located one above the other with an
insulation member 26 between them, as is shown in FIG. 3B
for one location. This configuration is done per measurement
location thus, in the case of three measurement locations,
there will be three pairs of heat or temperature transducers
and three insulation members.

[0179] Tt should be noted that AXs and Ks can be identical
in some or all of the measurement locations as long as the
following relationship is maintained:

)2

v al

(5] # (55,

ij=1...3j=i
[0180] Since there are three points of measurement, we
will receive three separate measurements for Tsi and Tci,
which will define three separate ATi. In vector format we
will be able to write:

v Ky

AT> K« =T,
AX,

ATS' KSS - Tc
AXs Tdeep 53
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[0181] Dimensions: 3x2 2x1 3x1
[0182]

[0183] This principle can be implemented for three or
more locations.

[0184] A third embodiment of the present invention is now
described with reference to FIG. 9, which is a cross section
side view of patch 10. In this configuration we assume that
q."=0 and no radiation or convection effects occur on the
surface. In this case, if the contact component 11 is big
enough to avoid lateral heat flux and the cover 13 emissivity
is low on both its internal and external surface (for example
with a reflective surface) and if access element 24 does not
leak a significant amount of radiation (for example a small
opening having an area of less than 5% of the total area of
the cover), then we can assume that Ts is close enough to
Tdeep to be considered equivalent. Therefore, a direct
measurement of Ts can be used to find Tdeep. For example,
in the case of human body temperature measurement, a
patch could have a with diameter larger than 20 mm and a
cover 13 having emissivity of less than 0.1 on both surfaces
of the cover being.

which can be written: A-X=b

[0185] In order to get good signal to noise ratio, one can
use a high emissivity surface 37 for reading, for example
0.8-0.9. In order to determine whether the medium and the
patch are in a thermal steady state, it is imperative to perform
a series of measurements of Ts. Once the change of these
value is lower than a predetermined acceptable limit, say for
example less than 1%, the condition of thermal steady state
1s fulfilled and the value of Tdeep can be obtained.

[0186] In summary, the present invention provides a fast
noninvasive means for determining the internal temperature
of an object. It has been explained with reference to a body
temperature implementation and can equally be applied for
other animate objects as well as inanimate objects.

[0187] It should be clear that the description of the
embodiments and attached Figures set forth in this specifi-
cation serves only for a better understanding of the inven-
tion, without limiting its scope as covered by the following
claims.

[0188] It should also be clear that a person skilled in the
art, after reading the present specification could make adjust-
ments or amendments to the attached Figures and above
described embodiments that would still be covered by the
following claims.

1. A device for a non-invasive measurement of the internal
temperature of a physical body or thermal resistivity, the
body comprising a thermally conductive medium between
an internal region with a substantially constant internal
temperature and an external surface with a surface tempera-
ture, the device comprising:

a patch comprising at least one contact component for
attachment to the external surface and an insulating
cover for substantially thermally insulating the contact
component from ambient thermal conditions;

a reader for acquiring one or more thermal magnitudes on
the patch;
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a processing unit for processing said at least one or more
thermal magnitudes to derive the internal temperature
of the internal region or the thermal resistivity of the
conductive medium.

2. The device of claim 1, wherein gas is provided between

the insulating cover and the contact component.

3. The device of claim 2, wherein the gas is transparent to
infra-red radiation.

4. The device of claim 3, wherein the gas is air.

5. The device of claim 1, wherein a vacuum is provided
between the insulating cover and the contact component.

6. The device of claim 1, wherein the patch comprises at
least one of a plurality of measurement locations charactet-
ized in that different measurement locations facilitate dif-
ferent thermal boundary conditions on the external surface.

7. The device of claim 6, wherein the patch comprises
three measurement locations.

8. The device of claim 6, wherein the measurement
locations are characterized as having distinct properties
selected from the group of properties comprising: different
thermal conductivity, different thickness, or different emis-
sivity, thus facilitating different boundary conditions on the
external surface.

9. The device of claim 6, wherein the patch comprises at
least one of a plurality of measurement locations character-
ized in that each measurement location facilitates two or
more measurement spots facilitating different thermal
boundary conditions on the external surface.

10. The device of claim 9, wherein the different thermal
boundary conditions are characterized as having distinct
properties selected from the group of properties comprising:
different thermal conductivity or different thickness.

11. The device of claim 9, wherein the measurement
locations are separated by thermal insulation.

12. The device of claim 9, wherein said two or more
measurement spots are separated by a distance that is
substantially smaller than the distance separating adjacent
measurement locations to eliminate or greatly reduce two
dimensional effects.

13. The device of claim 7, wherein the patch is provided
with at least one pair of thermally separated heat or tem-
perature transducers for each measurement location, each
transducer provided with leads to terminals external to the
patch, which the reader can contact for reading.

14. The device of claim 1, wherein the reader is an
infra-red radiation radiometer.

15. The device of claim 14, wherein the insulating cover
is provided with a point of access through which the
radiometer can acquire one or more thermal magnitudes on
the patch.

16. The device of claim 15, wherein the point of access is
selected from the group comprising: a window, an opening,
a diaphragm, or a shutter.

17. The device of claim 1, wherein the contact component
comprises one location of substantially low thermal resis-
tivity and substantially low emissivity, the cover has low
emissivity, and wherein the cover is large enough to avoid
lateral heat flux, thereby allowing at a thermal steady state
the temperature on the contact component to be substantially
equal to the internal temperature.

18. The device of claim 1, further comprising a user
interface for enabling a user to calibrate and operate the
reader and to be informed of the calculated internal tem-
perature.
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19. The device of claim 1, wherein the patch further
comprises identification information about the physical
body, the reader further comprises means for reading iden-
tification information.

20. The device of claim 19, wherein the means for reading
the identification information is a bar code reader.

21. The device of claim 19, wherein the patch includes
patient identification information.

22. The device of claim 1, wherein the contact component
is provided with adhesive material for adhering the contact
component to the external surface.

23. The device of claim 1, wherein the patch is provided
with at least one adhesive surface.

24. The device of claim 1, wherein the reader is provided
with a data communication interface to another device for
storage or further processing the data

25. The device of claim 1, wherein the processing unit is
provided with a data communication interface.

26. The device of claim 1, wherein the patch further
comprises an aligner for proper alignment of the reader.

27. The device of claim 1, wherein the reader further
comprises a reading end that comes into contact with the
patch during reading, the reading end provided with a
disposable cover.

28. The device of claim 13 wherein the reader further
comprises a reading end that comes into contact with the
patch during reading, the reading end provided with a
disposable cover. wherein the disposable probe cover is
provided with electrically conductive coating enabling elec-
trical contact to the terminals external to the patch.

29. A method for non-invasively measuring the internal
temperature or thermal resistivity of a physical body, the
body comprising a thermally conductive medium between
an internal region with a substantially constant internal
temperature and an external surface with a surface tempera-
ture, the method comprising:

placing a patch comprising at least one contact component
and an insulating cover with the contact component in
contact with the external surface and allowing the
contact component to reach a thermal steady state;

acquiring one or more thermal magnitudes on the patch
using a reader;

processing with a processing unit said at least one or more
thermal magnitudes to derive the internal temperature
of the internal region or the thermal resistivity of the
conductive medium;
30. The method of claim 29, comprising measuring the
thermal resistivity of the physical body.
31. The method of claim 29, comprising:

acquiring thermal magnitudes at a plurality of measure-
ment locations on the patch;

solving a set of equations relating to a plurality of
measurement locations to derive the internal tempera-
ture or the thermal resistivity of the conductive
medium, using the relation at each location given by

v (5 oo T
qK—(EJ( eep —Ts)
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where

q"x 1s the heat flux across the thermally conductive
medium

K4 is the effective conductivity of the thermally
conductive medium

AX is the thickness of the thermally conductive
medium

T, is the temperature measured on the skin surface

Teep 1s the internal temperature
32. The method of claim 29, comprising:

acquiring thermal magnitudes is done at different mea-
surement spots at each of a plurality of measurement
locations on the patch,

solving a set of equations relating to a plurality of
measurement locations to derive the internal tempera-
ture or the thermal resistivity of the conductive
medium, using the relation at each location given by

Ksi
»_

(Tsi— Tei) = @‘l(Tdee _Tsi)
B AXSiT “LAX ) v

where
q" is the heat flux

K,; is the conductivity of the contact component at
spot S of the i-th location AXsi is the thickness of
the contact component at spot S of the i-th location

T, is the temperature of the contact component at
spot S of the I-th location

T,; is the temperature of the contact component at
spot C of the I-th location

K.g is the effective conductivity of the thermally
conductive medium

AX i3 the e thickness of the thermally conductive
medium

T jeep 18 the internal temperature

33. The method of claim 29, wherein the contact compo-
nent comprises one location of substantially low thermal
resistivity, allowing the temperature on it at a steady state to
be substantially equal to the internal temperature, and
wherein the step of deriving temperature comprises taking
the internal temperature to be substantially equal to the
external temperature.

34. The method of claim 29, wherein deriving the internal
temperature involves adding a known correction value from
a predetermined calibration table.

35. The method of claim 29, further comprising repeat-
edly determining heat flux at the contact component and
indicating if the contact component has reached a thermal
steady state when the heat flux is substantially constant.

36. The method of claim 29, further comprising repeat-
edly determining the temperature at the contact compornent
and indicating if the contact component has reached a
thermal steady state when the temperature is substantially
constant.
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