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SYSTEMS AND METHODS OF BODY
TEMPERATURE MEASUREMENT

BACKGROUND

[0001] The present disclosure relates to the field of tem-
perature measurement. More specifically, the present disclo-
sure relates to sensor systems and methods of using sensor
systems to measure body temperature.

[0002] A patient’s body temperature can give a physician
important information about the physiological state of the
patient. Typically, when body temperature is measured, the
body temperature is an external body temperature which is
used to approximate or represent the patient’s internal or
core body temperature. Absent an external heating source, a
patient’s body heat is generated internally and conducted
outward to the skin and extremities. However, external
temperature measurements are limited in their approxima-
tion of core body temperature as muscle, fat, and skin tissue
act as insulators to an unknown degree specific to each
patient and location on the patient. Thus, the external
temperature of generated body heat is less than the patent’s
core body temperature, but by an unknown amount.
[0003] Known attempts to better represent core body
temperature include placement of the thermometer or other
temperature sensor at a location “internal” from the exterior
of the patients skin, for example, in the ear, under the tongue,
in a closed armpit, or in the rectum. However, the same
problems as noted above exist with these locations as the
difference between the measured external temperature is still
less than the patient’s internal body temperature by an
known amount, although this amount may be lessened by the
use of those techniques. Furthermore, each of those loca-
tions are more intrusive to the patient and are inconvenent
for a sensor location for repeated measurement of body
temperature. A sensor location is more convenient on widely
exposed areas of the patient’s skin, for example the fore-
head, chest, back, arms, or legs. However, it is these exposed
locations which are most susceptible to unpredictability
between the difference in core body temperature and the
measured skin temperature.

[0004] One available solution to non-invasively measure
core temperature attempts to create a perfect insulator
between the skin and air in the sensor. This approach
involves continuously heating the sensor surface until an
equilibrium is reached and there is no heat transfer. The
temperature at which this equilibrium is reached is identified
as the patient’s core body temperature. However, this
approach requires continuously applying heat to the
patient’s skin as well as creates high energy demands to
operate such a heating source. Both of these results may be
undesirable for use in a wireless non-invasive temperature
sensot.

[0005] Therefore, improved solutions for the determina-
tion of the core body temperature are desired in the field of
patient monitoring.

BRIEF DISCLOSURE

[0006] An exemplary embodiment of a method of mea-
suring body temperature includes obtaining a first tempera-
ture from a first temperature sensor. A second temperature is
obtained from a second temperature sensor, the first and
second temperature sensors being separated by a first insu-
lator which has a first conductivity value. A third tempera-
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ture is obtained from a third temperature sensor and a fourth
temperature is obtained from a fourth temperature sensor.
The third and fourth temperature sensors are separated by a
second insulator which has a second conductivity value. The
second conductivity value is different from the first conduc-
tivity value. A first heat transfer rate between the first
temperature sensor and the second temperature sensor is
calculated. A first heat transfer rate between the third tem-
perature sensor and the fourth temperature sensor is calcu-
lated. A body temperature is determined from the first heat
transfer rate and the second heat transfer rate.

[0007] An exemplary embodiment of a system for mea-
suring body temperature includes a first sensing module and
a second sensing module. The first sensing module includes
a first temperature sensor and a second temperature sensor.
A first insulator is disposed between the first temperature
sensor and the second temperature sensor. The first insulator
has first conductivity value. The second sensing module
includes a third temperature sensor and a fourth temperature
sensor. A second insulator is disposed between the third
temperature sensor and the fourth temperature sensor. The
second insulator has a second conductivity value.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a schematic diagram of an exemplary
embodiment of a body temperature sensor.

[0009] FIG. 2 is a system diagram of a sensing system.
[0010] FIG. 3 is a schematic diagram of an addition
exemplary embodiment of a body temperature sensor.
[0011] FIG. 4 is a flow chart that depicts an exemplary
embodiment of a method of measuring body temperature.
[0012] FIG. 5 is a flow chart that depicts a more detailed
exemplary embodiment of a method of measuring body
temperature.

DETAILED DISCLOSURE

[0013] FIG. 1 is a schematic diagram of an exemplary
embodiment of a temperature sensor 10. It will be recog-
nized that FIG. 1 is schematic in nature and is intended for
the purpose of disclosing and describing features of an
embodiment of the temperature sensors rather than specific
sizes or measurements of such features. The temperature
sensor 10 and other embodiments as described herein are
suited for the exemplary use of non-invasively determining
a body temperature, for example a core body temperature.
[0014] The temperature sensor 10 exemplarily includes a
sensing module 12 and a sensing module 14. It will be
recognized that FIG. 1 depicts an exemplary embodiment
wherein the temperature sensor 10 comprises both of the
sensing modules 12, 14 in a single unit. In other embodi-
ments, it will be recognized that each of the sensing modules
12, 14 may be separate components although communica-
tively connected as described herein.

[0015] Sensing module 12 includes a sensor 16 and a
sensor 18 separated by an insulator 20. The insulator 20 has
a conductivity represented by a conductivity value and is of
a thickness d, between the sensor 16 and the sensor 18 as
will be described in further detail herein.

[0016] Sensing module 14 includes sensor 22 and sensor
24 which are separated by an insulator 26. The insulator 26
has a conductivity represented by a conductivity value and
has a thickness d, between the sensor 22 and the sensor 24.
In a non-limiting embodiment, each of the sensors 16, 18,
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22, 24 are 12C digital temperature sensors. In a further
non-limiting embodiment, the temperature sensors have an
accuracy of 0.05° C. Tt will be recognized that these tem-
perature sensors are exemplary and not intended to be
limiting on the scope of temperature sensors which may be
used in embodiments as disclosed herein. Non-limiting
examples of temperature sensors include thermocouples,
thermistors, and radiation detectors.

[0017] Embodiments of the temperature sensor 10 further
include an adhesive layer 28 which is exemplarily applied
across the sensor 16 and sensor 22 and facilitates to secure
the temperature sensor 10 to the skin 30 of the patient. A
protective coating 32 is exemplarily applied across an oppo-
site side of the temperature sensor 10, for example across the
sensor 18 and sensor 24. The protective coating 32 may
exemplarily be a polymeric film, and as explained in further
detail herein, a material suitable for protecting the sensor 18
and sensor 24 from air circulation. In embodiments of the
temperature sensor, the sensing module 12 and sensing
module 14 may be either physically separated or thermally
separated by an insulator (not depicted) of a low conduc-
tivity. This can help to maintain the differences in the
thermal systems of sensing module 12 and sensing module
14 by educing thermal cross-contamination.

[0018] As mentioned above, additional embodiments of
the sensor 10 may be implemented with separate units
comprising sensing module 12 and sensing module 14. In
such embodiments, for example, it will be recognized that
separate adhesive protective coatings over the sensor would
be used.

[0019] As exemplarily depicted in FIG. 1, a generally
unknown amount of subcutaneous tissue 34 exists between
the surface of the skin 30 and the patient body core, for
example where the temperature is the patient core tempera-
ture (T ) This layer of subcutaneous tissue may include skin,
fat, muscle, bone, blood and blood vessels, and/or other
organs. Because a suitable sensor must be robust and able to
be used with patients of varying body types, sizes, and
physical make up, the sensor must operate independent from
the content and the thickness (d.) of this subcutaneous
tissue. In most instances, the actual thickness d.. and the
exact make up and resulting thermal conductivity (k) of the
subcutaneous tissue will be known, such that the conduc-
tivity value is similarly unknown. The subcutaneous tissue
34 acts as an insulator between the body core temperature
(T.) and the external temperature at the surface of the skin
30. Embodiments of the sensor and methods of measuring
body temperature as disclosed herein overcome these
unknowns and challenges to determining a more represen-
tative value of body temperature with a non-invasive sensor.
[0020] FIG. 2 depicts a further exemplary embodiment of
a sensing system 50 which includes an exemplary embodi-
ment of the temperature sensor 10. The temperature sensor
10 exemplarily includes the sensing module 12 and the
sensing module 14 as described above with respect to FIG.
1. As noted above, the sensing modules 12, 14 along with the
entirety of the sensing system 50 may be part of a single
sensor device secured to a patient. It will be recognized that
in additional exemplary embodiments, the sensing modules
12, 14 may be separate components which may each include
their own adhesive layers (not depicted) and protective
coatings (not depicted) and be positioned at different ana-
tomical locations on the patient. In an exemplarily embodi-
ment, the sensing module 12 and sensing module 14 may be
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positioned at equivalent anatomical positions on the patient,
for example, both temples of the head, both earlobes, both
shoulder blades, both thighs, etc. In this respect, the sensing
modules 12, 14 are positioned at locations that are anatomi-
cally equal from one another to the internal point in the
patient’s body from which the core temperature (T.) is
presumed.

[0021] In exemplarily embodiments, the sensing system
50, in use, is secured to the patient, for example, integral part
to the temperature sensor 10. Particularly in an embodiment
wherein both sensing module 12 and sensing module 14 are
combined in the same unitary device, the rest of the sensing
system 50 may be similarly integrated. In an exemplary
embodiment, the sensing system 50 wirelessly transmits the
determined body temperature via an antenna 52, for
example, on a medical body area network (MBAN) to a
MBAN monitoring device or hub (not depicted) as known in
the field to receive wirelessly transmitted data acquired from
a patient using a wireless sensor.

[0022] In additional embodiments, the sensing modules
12, 14 may be separate components. In one example, the rest
of the sensing system 50 may be integrated with one or the
other of the sensing modules 12, 14. In a further example,
the rest of the sensing system 50 may be a separate device
positioned local to the patient. In such an event, the sensing
modules 12, 14 may be communicatively connected to the
rest of the sensing system 50 via wired or wireless connec-
tions therebetween. If such communicative connections are
wireless, the sensing modules 12, 14 may further include a
power source and antenna (not depicted) to facilitate such
wireless transmission.

[0023] The sensing system 50 exemplarily includes a
multiplexer 54 which is communicatively connected, either
wired or wirelessly as described above, to the sensors 16 and
18 of the sensing module 12 and is similarly communica-
tively connected to the sensors 22 and 24 of the sensing
module 14. The multiplexer 54 is exemplarily connected to
a DD converter 56 which is connected to a power supply
58 which is exemplarily a battery. The D /D converter 56
provides an input voltage (e.g. 1.8 volts) to the sensors 16,
18, 22, 24 through the multiplexer 54. The multiplexer 54,
in return, receives back the returned output voltages from
each of the sensors.

[0024] A processor 60 is communicatively connected to
the multiplexer 54 as well as to a sensor selector 62. The
sensor selector 62 provides a sensor selection signal to the
multiplexer 54 to select through the signals of each of the
sensors which the multiplexer 54 provides to the processor
60. It will be recognized that in an alternative embodiment,
all of the temperature signals may be simultaneously
received by the processor without a multiplexer if the
processor is capable of receiving a suitable number of
channels of information. In one of these ways, the processor
60 exemplarily receives temperature signals from each of
the sensors. The processor 60 is operable to obtain a
temperature measurement from each of the received sensor
signals. These temperatures are exemplarily indicated as T,
from sensor 16, T, from sensor 18, T, from sensor 22, and
T, from sensor 24. However, it will be recognized that this
association and numbering of the temperature signals and
associated sensors is not intended to be limiting and that
other associations between the sensors and particular tem-
perature measurement values may be made within the scope
of the present disclosure. In an exemplary embodiment, each
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of the temperature measurement may be expected to be
different values from each other due to the design of the
sensing modules 12, 14 themselves.

[0025] The processor 60 operates in the manners as dis-
closed in further detail herein, for example, by executing
computer readable code stored in computer readable storage
located at the processor 60 or communicatively connected to
the processor 60. Computer readable code may be divided
into one or more sub routines which may be stored together
or apart in one or more executable files as will be recognized
by a person of ordinary skill in the art.

[0026] Thus, the processor 60, upon execution of the
computer readable code operates with the equations and
functionalities as described in further detail herein to deter-
mine a body temperature from the received sensors signal as
well as additional information as described herein which
may be similarly stored in a computer readable medium
communicatively connected to the processor 60.

[0027] As will be described in further detail herein, in an
exemplary embodiment, the core temperature is assumed to
be identical at a common point between both measurement
locations (e.g. the positions at which the sensing module 12
and sensing module 14 are secured to the patient) which may
be similarly represented by the positions of sensor 16 and
sensor 22, respectively. Additionally, thermal insulation
caused by the subcutaneous tissue, assumed to have identi-
cal thickness and properties between both measuring loca-
tions and the location of the core temperature is also
unknown. As noted above, the sensing modules includes
insulator 20 of a known thickness d, and thermal conduc-
tivity k, and insulator 26 which has a known thickness d,
and thermal conductivity k,. The conductivity value of the
insulator may be expressed in terms of the thermal conduc-
tivity and the thickness of the insulator (k/d). In exemplary
embodiments, the thermal conductivity (k) of the materials
of insulator 20 and insulator 26 may be the same, although
the resulting overall conductivity value of the insulators may
be different due to differences in the thicknesses of the two
insulators. It will be recognized that a material at any
thickness will have a higher conductance than the conduc-
tance through that same material at twice the thickness. In an
alternative embodiment, two different insulators of known
thermal conductivities may be used. In such examples the
thicknesses of insulators 20 and 26 may be the same and/or
different. It will be recognized that while the insulators are
described herein with respect to conductivity, that conduc-
tance and resistance are reciprocally related and therefore
may be equivalently used. It will further be recognized by a
person of ordinary skill in the art that the thermal conduc-
tance of an insulator may be expressed as a “u value” while
a thermal resistance of an insulator may be represented as a
“r value”. In an exemplary embodiment, as described in
further detail herein, a heat transfer rate through the sensing
module 12, for example, between sensor 16 and sensor 18
may be expressed with the following equation:

k1 (la)
—I(Tz -1

W, =

[0028] wherein k| is the thermal conductivity of the insu-
lator 20 d, is the thickness of insulator 20, T, is the
measurement of the temperature at sensor 16 and T, is the
measurement of the temperature at sensor 18.
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[0029] Ifanassumption is made that the temperature at the
body core (T,) is to be treated as a steady state system for
the purposes of measurement, then the heat transfer rate
within the body from the body core to sensor 16 is the same
heat transfer rate as between sensor 16 and sensor 18. Thus,
the heat transfer rate from the body core to sensor 16 can be
represented as:

k 1b
W, = E’(Tl -Tc) (o)
1

[0030] Wherein k, is the thermal conductivity of the body
tissue and d, is the thickness of the body tissue to the location
of the core temperature.

[0031] In sensing module 14, the heat transfer rate (W,)
can be modeled as:

k (2a)
Wy= (T3~ T5)
2

[0032] wherein k, is the thermal conductivity of insulator
26 d, is the thickness of insulator 26, T is the temperature
measured at sensor 22, and T, is the temperature measured
at sensor 24.

[0033] For the reasons as noted above the heat transfer rate
W, is the same between the body core and the sensor 22 as
it is from the sensor 22 to sensor 24. Thus, the heat transfer
rate W, can also be represented as:

(2b)

Wy = (T3 -T¢)

o =

1

[0034] While it is assumed that the conductivity of that
subcutaneous tissue between the body core and the sensing
modules is the same, because the conductance of insulator
20 is different from the conductance of insulator 26, that the
heat transfer rates within the two systems are different. In
this respect, a system that includes a sensing module with an
insulator with a higher conductance will have a higher heat
transfer rate while a system that includes assembly module
with an insulator with a lower conductance will have a lower
heat transfer rate. These differences in heat transfer rates
between the two systems result in differences in the tem-
peratures measured at each of the temperature sensors. One
exemplary experimental measurement found that a differ-
ence between the conductance of the insulators of two
sensing nodules produced a 0.2° C. difference between the
temperatures measured by otherwise similarly positioned
sensors (e.g. sensor 16 and sensor 22).

[0035] The above equations la-2b can be solved for the
unknown conductance of the subcutaneous tissue 34
between the body core and the sensing modules and repre-
sented in equation 3:

ko k (-T) k I4-T;) 3

d, & (T -Tc) & (T3 -T¢)
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[0036] Finally, the relationships of equation 3 can be
solved for the core temperature (T ) as represented in terms
of heat transfer rates and temperatures in equation 4a or in
terms of only the measured temperatures and insulation in
equation 4b:

W 4
MY )
7.=
T W, )
W
ky (4b)
4 (h-T
T1+T3é(T4—T~)
2 3
Tc = klz
4 [Ti-T
1+ 2L
* ky (T4—T3)
dy

[0037] Thus, given the assumptions made as identified
above, the core body temperature can be determined from
the measurements of the sensing system as described above.

[0038] FIG. 3 depicts a still further exemplary embodi-
ment of a sensor system. 70. As noted above, in exemplary
and nonlimiting embodiments, the sensor system 70 may be
embodied in a single wireless sensor configured to be
secured to the skin of the patient. Therefore, FIG. 3 exem-
plarily depicts a sensor system 70 in which the processor 60,
antenna 52, and battery 58 are exemplarily all contained
within the sensor package, or example covered by protective
coating 32.

[0039] While like reference numerals have been used in
FIG. 3 to reference structures similar to those previously
described, the sensor system 70 of FIG. 3 further depicts an
exemplary embodiment in which a single sensing module 12
in which an insulator 20 separates sensor 16, 18 and as
described in further detail herein at least two temperature
measurements are obtained by the processor 60 from each of
the sensors 16, 18. The processor 60 is exemplarily com-
municatively connected to the antenna 52 to broadcast the
body temperatures as determined by the processor 60 to a
monitoring device or data hub associated with a patient
monitoring system of which the sensor system 70 is a part.

[0040] In addition, the sensor system 70 includes a heating
device 74, which will exemplarily be a resistive film or other
resistive heating element, it will be recognized that other
types of heating devices may be used within scope of the
present disclosure. An insulator 76 is positioned over the
heating device 74 and sensor 18, exemplarily disposed
between the heating device 74 and the processor 60, battery
58, and antenna 52. The heating device 74 is operatively
connected to the processor 60 as well as to the battery 58 and
is used in a calibration phase or calibration routine as
operated by the processor 60 in acquiring the first and
second temperatures from the sensor 16 and sensor 18 as
disclosed herein. The calibration routine may be conducted
exemplarily upon placement of the sensor 70 on the patient,
upon making a first measurement of body temperature with
the sensor or at any other time during use, particularly a
monitoring system or clinician determines that it may be
necessary to recalibrate the sensor, for example if the sensor
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is moves or repositioned or it is believed that the patient’s
core body temperature may have significantly changed since
a previous calibration.

[0041] As will be described in further detail herein, the
heating device 72 is operated by the processor 60 to generate
heat. The heat generated from the heating device 72 is
transferred to the sensor 18 and through the insulator 20 to
the sensor 16. In an embodiment wherein the heating device
72 is in thermal contact with the sensor 18, a measurement
of temperature at the sensor 18 will reflect the temperature
of the in heating device 72. While the temperature at the
sensor 16 will reflect the combined effect of the heating
device 72 and the heat produced by the patient’s body. The
heating device 72 operates and a temperature at the sensor
18 is monitored. In one embodiment the temperatures ant the
sensors are measured at any point once the heating device 72
has heated the system above ambient. In another embodi-
ment, the temperatures are measured when the sensor 18
reads a predetermined value. In a still further exemplary
embedment the temperature at sensor 18 is monitored until
it reaches a steady state or equilibrium at which point the
temperatures at the sensors are measured.

[0042] In any event, at some point while the heating
device 72 is operating to heat the sensing system, first and
second temperatures are measured from the sensor 16 and
18, respectively. These are the calibration measurements and
are used in conjunction with further third and fourth tem-
perature measurements obtained at a time when the patient’s
body core temperature is to be determined.

[0043] The processor 60 may operate the heating device
72 to stop producing heat. Particularly, in a wireless sensing
device, operation of the heating device 72 may use energy
from the battery 58 and therefore, in an embodiment, use of
the heating device 72 may be limited to the calibration
routine to conserve battery power.

[0044] Once the heating device 72 is turned off, the
temperatures at the sensors 16 and 18 will decrease to reflect
the decrease of heat in the system. Eventually, the tempera-
tures at the sensor 16 and 18 will reach an equilibrium which
reflects the heat provided by the patient’s body, and more
specifically the heat provided from the patient’s body core.
The insulator 74 and the protective film 32 help to thermally
isolate the sensors 16, 18 from the ambient temperature.
[0045] In an exemplary embodiment, the processor 60
monitors the temperatures at the sensors 16, 18 until the
temperatures at these sensors reach an equilibrium along a
steady state reflective of the heat provided by the body core.
When this equilibrium is reached, third and fourth tempera-
ture measurements may be obtained respectively from tem-
perature sensor 16 and temperature sensor 18 at any time
that a measurement of the patient body temperature is
desired.

[0046] In accordance with the method as disclosed herein,
the heat transfer rate during the calibration phase may be
represented as:

(i-Tr) (h-T) (5a)
(Re-R) ™ R

[0047] wherein R is the thermal resistance of the body
tissue and R, is the thermal resistance of the insulator 20. It
will be recognized that as mentioned above, thermal resis-
tance is the inverse of thermal conductance and therefore
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thermal resistance may exemplarily represent thermal resis-
tivity across a particular thickness of tissue or insulator.
[0048] The heat transfer rate during the measurement
phase is similarly represented as:

(L-Ty) B-Ty (5b)
(Re=R) ™~ Ry

[0049] Equations 5a and 5b may be solved for core
temperature (T, when T is represented as a relation based
solely upon the measured temperatures and the differential
temperatures between the electrodes 16, 18. This is exem-
plarily represented in equation 6:

T, (;1 - ;2) (6)
Te= (T3 -Ty)
(I -T)
(T3-To)

[0050] In the manner described above, an embodiment of
the sensor system in accordance with the present disclosure
may be used to determine a body temperature of the patient
with measurements from two temperature sensors. After the
sensor system has been calibrated, further determinations of
body temperature may be made with only acquiring a new
set of temperature measurements from temperature sensor
16 and temperature sensor 18.

[0051] In a still further embodiment in accordance with
the other embodiments disclosed herein, heat transfer rate
may be measured with a heat flux sensor. It will be recog-
nized that heat transfer is expressed as power (Watts) while
heat flux is expressed Watts per meter squared. In embodi-
ments the body temperature may be calculated as disclosed
herein from the measured heat transfer rates and/or may be
calculated in combination with one or more of the tempera-
ture measurements as described in the present application.
[0052] FIG. 4 is a flow chart that depicts an exemplary
embodiment of a method 100 of measuring body tempera-
ture. The method 100 will be described in further detail
herein with respect to an exemplary embodiment of the
method. Tt will be recognized that the described embodiment
is merely exemplary of embodiments within the scope of the
disclosed method, other embodiments of the method 100,
including, but not limited to the method 200 as disclosed in
further detail herein may be further exemplary embodiments
of the method 100.

[0053] The method 100 includes at 102 that a first tem-
perature and a second temperature are obtained. The first
temperature may be obtained from a sensor signal of a first
temperature sensor and the second temperature may be
obtained from a sensor signal from a second temperature
sensor. The respective sensor signals may be received and
processed by a processor to produce an output of the first and
second temperatures. In an exemplary embodiment, the first
and second temperature sensors are separated by a first
insulator which has a first conductance valve. The first
conductance value is exemplarily known and is based upon
a thermal conductivity of the material of the first insulator at
a thickness of the first insulator.

[0054] At 104 a third temperature and a fourth temperature
are obtained. Similar to that of 102, the third temperature is
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exemplarily obtained from a sensor signal of a third tem-
perature sensor and the fourth temperature is obtained from
a sensor signal of a fourth temperature sensor. However, it
will be recognized that in other embodiments, the third
temperature and the fourth temperature may be obtained
from the same temperature sensors from which the first and
second temperatures were obtained, for example as in the
exemplary embodiment of the method 200 described with
respect to FIG. 5 herein. The respective sensor signals may
be received and processed by the processor to produce an
output of the third and fourth temperatures. The third and
fourth temperature sensors may exemplarily be separated by
a second insulator which has a second conductance value.
The second conductance value is exemplarily known and is
based upon a thermal conductivity of the material of the
second insulator and a thickness of the second insulator.
[0055] In exemplary embodiments, the first insulator and
the second insulators have different conductance values. The
difference in the conductance values may be due to the first
insulator and the second insulator having different thick-
nesses of the same material or the first insulator and the
second insulator may be constructed of different materials
and exemplarily have the same thickness. However, it will
be recognized that other combinations of insulator material
and thickness may be used in accordance with the present
disclosure to arrive at a first insulator of a known first
conductance value and a second insulator of a known second
conductance value in which the first conductance value and
the second conductance value are different.

[0056] Next, at 106 a differential temperature between the
first temperature and the second temperature is calculated.
This may exemplarily be a differential temperature across
the first sensing module, which e.g. may be the differential
temperature across the first insulator between the first sensor
and the second sensor. This differential temperature may be
calculated as the differential temperature between the
obtained first temperature and the obtained second tempera-
ture from 102. The differential temperature across the first
insulator is representative of the amount of heat that is
conducted through the first insulator between the location of
the first temperature sensor to the location of the second
temperature sensor.

[0057] At 108 a differential temperature between the third
temperature and the fourth temperature is calculated. This
may exemplarily be a differential temperature across the
second sensing module, which e.g. may be the differential
temperature across the second insulator between the third
sensor and the fourth sensor. This differential temperature
may be calculated as the differential temperature between
the third temperature and the fourth temperature. Thus, the
differential temperature across the second insulator is the
amount of heat delivered across the second insulator
between the third temperature sensor to the fourth tempera-
ture sensor.

[0058] At 110 a first heat transfer rate is calculated. The
first heat transfer rate is exemplarily the heat transfer rate
across the first sensing module/first insulator is calculated.
Exemplarily, this may be calculated using Equation la
which represents the heat transfer rate based upon a known
conductance of the first insulator and the differential tem-
perature between the first and second sensors on either side
of the first insulator. It will be recognized that the more
conductive that the first insulator is, the greater the heat
transfer rate will be across the first insulator.
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[0059] Similarly at 112, a second heat transfer rate is
calculated. The second heat transfer rate is exemplarily the
heat transfer rate across the second sensing module/second
insulator is calculated. Exemplarily, the heat transfer rate
across the second insulator may be calculated using Equa-
tion 2a as described above, which represents the heat trans-
fer rate across the second insulator based upon a known
conductance of the second insulator and the differential
temperature, between the third and fourth sensors on either
side of the second insulator.

[0060] Next, at 114 the body temperature is determined
based upon the heat transfer rate across the first insulator
calculated at 110 and the heat transfer rate across the second
insulator calculated at 112. This may exemplarily be deter-
mined using Equation 4 as described above. In exemplary
embodiments, the body temperature is further determined
based upon the calculated heat transfer rates in addition to
the first temperature obtained at 102 and the third tempera-
ture obtained at 104. In exemplary embodiments, the first
and second temperature sensors are respectfully used to
obtain the first temperature and the second temperature at
102 and are arranged as a first sensing module 12 which is
secured to the skin of the patient with the first temperature
sensor proximal to the patient skin. Similarly, the third
temperature sensor and the fourth temperature sensor may
be arranged in a second sensing module to obtain the third
temperature and the fourth temperature at 104 and config-
ured to be secured to the patient skin with the third tem-
perature sensor proximal to the patient’s skin. In such
embodiments, the additional values of the two temperature
measures obtained at the patient’s skin (e.g. from the first
temperature sensor and the third temperature sensor) are
useful in further determining the body temperature. In a still
further exemplary embodiment, the body temperature deter-
mined at 114 is a core body temperature located at a position
within the patient’s body and at an anatomically equal
distance from both the first sensor and the third sensor.

[0061] In still further exemplary embodiments, the body
temperature determined at 114 is wirelessly transmitted
across a medical body area network to a patient monitoring
device. The patient monitoring device may further be com-
municatively connected to an electronic medical record of
the patient and/or may be connected to a graphical display
which presents the determined body temperature.

[0062] FIG. 5 is a flow chart that depicts a further detailed
exemplary embodiment of a method 200 of measuring body
temperature. In an exemplary embodiment, the method 200
may be carried out with a sensor system as described above
with respect to FIG. 3, although it will be recognized that
other sensor systems may be used while remaining within
the scope of the present disclosure.

[0063] The method 200 begins at 202 when the sensor
detects if the sensor is secured to a patient. In an exemplary
embodiment, once the sensor is turned on, the processor
monitors the temperature at least one of the temperature
sensors, for example the temperature sensor proximal to the
patient’s skin (e.g. a first temperature sensor), and deter-
mines that the sensor has been secured to a patient if the
measured temperature shows a consistent increase in the
measured temperature. Upon detecting that the sensor is
secured to the patient, the processor initiates a calibration
process at 204. The calibration process uses a heating device
as described herein to create a virtual insulator and estab-
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lishes a reference measurement of temperatures and result-
ing heat transfer rates for use in later measurement of the
patient’s body temperature.

[0064] At 206, the processor operates the heating device to
begin heating up. In an exemplary embodiment, the heating
device is a resistive film secured over the sensor distal from
the patient’s skin (e.g. a second temperature sensor). The
heating device may exemplarily draw power from the bat-
tery of the sensor and covert the electrical energy to heat
energy. The heating device may be in direct contact with the
second temperature sensor or otherwise thermally connected
to the second temperature sensor, such that the temperature
measured by the second temperature sensor is exemplarily
reflective of the temperature of the heating device itself.
[0065] At 208, the processor monitors the temperature of
the second sensor until a predetermined temperature is
reached. In exemplary embodiments, this temperature may
be 95° F. In an optional embodiment, the method 200 may
continue to monitor the temperatures at the first and second
temperature sensors until both of the temperatures are sta-
bilized. In an embodiment, this may be performed at 210 by
determining if the temperature at the first temperature sensor
is stable. In a non-limiting example, a stable temperature
may mean that the temperature has stayed within +/-0.1° F.
over the last 10 seconds. If the temperature at the first
temperature sensor is not stable, then the processor may
continue to 212 and check if the temperature at the second
temperature sensor is stable. In an exemplary embodiment,
the temperature at the second temperature sensor may be
considered stable if the temperature is within +/-0.1° F. the
predetermined temperature, e.g. 95° F. If the temperature at
the second temperature sensor is not 954/-0.1° F., then at
214, the power to the heating device is adjusted to achieve
the predetermined temperature at the second temperature
sensor. Once the temperatures at the first temperature sensor
and the second temperature sensors are stable, then the
system can measure the temperatures at the sensors.
[0066] At 216 a first temperature T, is measured by the
processor from a signal from the first temperature sensor and
the second temperature T, is measured by the processor from
a signal from the second temperature sensor. These tem-
peratures are stored as the reference temperatures as a result
from the calibration phase and can later be used in combi-
nation with further temperature measurements as described
herein to produce measurements of body temperature.
[0067] With completion of the calibration process, the
processor further stops the heating device at 218 and the
sensor system begins to cool with the removal of this heat
source. The system returns to an equilibrium temperature
which reflects the heat produced by the body of the patient.
In an optional embodiment, at 220, the processor monitors
the temperature at the first temperature sensor until it
reaches a stable temperature, which may exemplarily be no
temperature change within one second or no more than 0.1°
F. of temperature change within the last ten seconds, or
another definition of stable as may be recognized by a person
of ordinary skill in the art.

[0068] Next at 222, the processor measures a third tem-
perature T from a signal from the first temperature sensor
and a fourth temperature T, is measured by the processor
from a signal from the second temperature sensor. These
temperatures are stored as the measurement temperatures
and are used by the processor at 224 to calculate the body
temperature. In an exemplary embodiment, the processor
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calculates the body temperature (T ) from the first, second,
third, and fourth temperatures in the manners as described
above.

[0069] The processor may continue to monitor the tem-
peratures at the first and second temperature sensors and
produce a new measurement of body temperature at 226
whenever requested or upon a predetermined temperature
measurement interval. To produce the new measurement, the
method returns to 222 to acquire a new third temperature and
new fourth temperature which may be used in combination
with the previously obtained reference first temperature and
second temperature to produce the new body temperature
measurement.

[0070] At 228, a determination may be made to recalibrate
the sensor. In an exemplary embodiment this may be made
if it is determined that the sensor has been repositioned on
the patient, or had been removed and replaced. These
determinations may be made based upon a trend in the
monitored temperatures at the temperature sensors. In a still
further exemplary embodiment, if the body temperature has
significantly changed from an initial determination, then it
may be determined that recalibration is required to check the
validity of the body temperature determination. If a recali-
bration is required, then the method returns to 204 to repeat
the calibration process.

[0071] As recognized above, exemplary embodiments of
the disclosed systems and methods of measuring body
temperature provide a non-invasive solution to monitoring a
core body temperature which in some instances may be
more representative as an indicator of patient health than
other external measurements of body temperature which can
vary in their relation to core body temperature based upon
size and body composition of the patient. Embodiments of
the system and method as described herein can present these
advantages in non-invasive measurement of body tempera-
ture in a wireless sensor that is suitable for monitoring the
condition of the patient in a wireless monitoring system, for
example a medical body area network.

[0072] In the above description, certain terms have been
used for brevity, clarity, and understanding. No unnecessary
limitations are to be inferred therefrom beyond the require-
ment of the prior art because such terms are used for
descriptive purposes and are intended to be broadly con-
strued. The different systems and method steps described
herein may be used alone or in combination with other
systems and methods. It is to be expected that various
equivalents, alternatives and modifications are possible
within the scope of the appended claims.

[0073] The functional block diagrams, operational
sequences, and flow diagrams provided in the Figures are
representative of exemplary architectures, environments,
and methodologies for performing novel aspects of the
disclosure. While, for purposes of simplicity of explanation,
the methodologies included herein may be in the form of a
functional diagram, operational sequence, or flow diagram,
and may be described as a series of acts, it is to be
understood and appreciated that the methodologies are not
limited by the order of acts, as some acts may, in accordance
therewith, occur in a different order and/or concurrently with
other acts from that shown and described herein. For
example, those skilled in the art will understand and appre-
ciate that a methodology can alternatively be represented as
a series of interrelated states or events, such as in a state
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diagram. Moreover, not all acts illustrated in a methodology
may be required for a novel implementation.

[0074] This written description uses examples to disclose
the invention, including the best mode, and also to enable
any person skilled in the art to make and use the invention.
The patentable scope of the invention is defined by the
claims, and may include other examples that occur to those
skilled in the art. Such other examples are intended to be
within the scope of the claims if they have structural
elements that do not differ from the literal language of the
claims, or if they include equivalent structural elements with
insubstantial differences from the literal languages of the
claims.

1. A method of measuring body temperature, the method
comprising:

obtaining a first temperature from a first temperature

sensor;

obtaining a second temperature from a second tempera-

ture sensor, the first and second temperature sensors
separated by a first insulator having a first conductivity
value;

obtaining a third temperature;

obtaining a fourth temperature;

calculating a first heat transfer rate from the first tem-

perature and the second temperature;

calculating a second heat transfer rate from the third

temperature and the fourth temperature; and
determining a body temperature from the first heat trans-
fer rate and the second heat transfer rate.

2. The method of claim 1, further comprising:

calculating a first differential temperature between the

first temperature and the second temperature;
calculating a second differential temperature between the
third temperature and the fourth temperature;
wherein the body temperature is determined further based
upon the first differential temperature and the second
differential temperature.

3. The method of claim 1, wherein the third temperature
is obtained from a third temperature sensor and the fourth
temperature is obtained from a fourth temperature sensor
and the third and fourth temperature sensors are separated by
a second insulator having a second conductivity value and
the first heat transfer rate is a heat transfer rate between the
first sensor and the second sensor across the first insulator
and the second heat transfer rate is a heat transfer rate
between the third sensor and the fourth sensor across the
second insulator.

4. The method of claim 3, wherein the first insulator has
a predetermined first thickness and a predetermined first
thermal conductivity and the first heat transfer rate is cal-
culated based upon the first thickness and the first thermal
conductivity and wherein the second insulator has a prede-
termined second thickness and a predetermined second
thermal conductivity and the second heat transfer rate is
calculated based upon the second thickness and the second
thermal conductivity.

5. The method of claim 3, wherein the body temperature
is a core body temperature common to both the first sensor
and the third sensor.

6. The method of claim 5, further comprising positioning
the first sensor and the third sensor at equivalent anatomical
locations on a patient.

7. The method of claim 3, wherein an adhesive layer is
secured across the first and third temperature sensors and a
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protective layer is secured over the second and fourth
temperature sensors, the adhesive layer configured to secure
to the skin of the patient, and the protective layer configured
reduce exposure of the second insulator and the fourth
insulator to wind.

8. The method of claim 1, wherein determining the body
temperature further comprises calculating the body tempera-
ture based upon the first heat transfer rate, the second heat
transfer rate, and the measured first and third temperatures.

9. The method of claim 1, wherein the third temperature
is obtained from the first temperature sensor and the fourth
temperature is obtained from the second temperature sensor;
and

wherein the first and second heat transfer rates are heat

transfer rates between the first sensor and the second
sensor across the first insulator.

10. The method of claim 9, further comprising:

operating a heating device to increase the first temperature

obtained from the first temperature sensor and the
second temperature obtained from the second tempera-
ture sensor;

after turning off the heating device, obtaining the third

temperature from the first temperature sensor and
obtaining the fourth temperature from the second tem-
perature sensor.

11. The method of claim 9, wherein the heating first
sensor is configured to be proximal the patient’s skin from
the second sensor and the heating device operates to heat the
second sensor to a predetermined target temperature.

12. The method of claim 9, further comprising:

monitoring the first temperature sensor and the second

temperature sensor until the temperatures sensed by the
first and second temperature sensors stabilize, then
obtaining the third temperature measurement and the
fourth temperature measurement.

13. The method of claim 9, wherein the body temperature
is a first body temperature and further comprising:

obtaining a fifth temperature from the first temperature

sensor;

obtaining a sixth temperature from the second tempera-

ture sensor;

calculating a third heat transfer rate between the first

temperature sensor and the second temperature sensor;
and

determining a second body temperature from the first heat

transfer rate and the third heat transfer rate.

14. The method of claim 9, wherein an adhesive layer is
secured across the first temperature sensor and a protective
layer is secured over the second temperature sensor, the
adhesive layer configured to secure to the skin of the patient,
and the protective layer configured reduce exposure of the
first insulator and the second insulator to wind.

15. The method of claim 1, further comprising:

wirelessly broadcasting the determined body temperature

with an antenna.
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16. A sensing system for measuring body temperature, the
sensing system comprising;
a first sensing module comprising:
a first temperature sensor;
a second temperature sensor; and
a first insulator disposed between the first temperature
sensor and the second temperature sensor the first
insulator having a first conductivity value.
17. The sensing system of claim 16, further comprising:
a second sensing module comprising:
a third temperature sensor;
a fourth temperature sensor; and
a second insulator disposed between the third tempera-
ture sensor and the fourth temperature sensor, the
second insulator having a second conductivity value
wherein the first conductivity value is greater than
the second conductivity value.
18. The sensing system of claim 17 further comprising;
a processor communicatively connected to the first, sec-
ond, third, and fourth temperature sensors, the proces-
sor receives measurements of a first temperature from
the first temperature sensor, a second temperature from
the second temperature sensor, a third temperature from
the third temperature sensor, and a fourth temperature
from the fourth temperature sensor;
wherein the processor determines a body temperature
from a first heat transfer rate between the first tempera-
ture sensor and the second temperature sensor across
the first insulator calculated from the first temperature
and the second temperature and a second heat transfer
rate between the third temperature sensor and the fourth
temperature sensor across the second insulator calcu-
lated from the third temperature and the fourth tem-
perature.
19. The system of claim 17, further comprising
a processor communicatively connected to the first and
second temperature sensors, the processor receives
measurements of a first temperature and a third tem-
perature from the first temperature sensor, measure-
ments of a second temperature and a fourth temperature
from the second temperature sensor;
wherein the processor determines a body temperature
from a first heat transfer rate between the first tempera-
ture sensor and the second temperature sensor across
the first insulator calculated from the first temperature
and the second temperature and a second heat transfer
rate between the first temperature sensor and the third
temperature sensor across the first insulator calculated
from the third temperature and the fourth temperature.
20. The system of claim 19, further comprising a heating
device disposed distal the second temperature sensor from
the first temperature sensor the heating device selectively
operable by the processor to heat the first temperature sensor
and the second temperature sensor.
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