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cal pulse delivery at least partly based on the temperature information.
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TEMPERATURE SENSOR FOR A LEADLESS CARDIAC PACEMAKER

CROSS REFERENCE TO RELATED APPLICATIONS
[001] This application claims the benefit of U.S. Provisional Patent Application No.
61/392,382, filed October 12, 2010, titled “Temperature Sensor for a Leadless Cardiac
Pacemaker”, which application is incorporated herein by reference in its entirety.
[002] This application incorporates herein by reference in their entirety for all purposes the
following patent applications, all by Peter M. Jacobson: US Patent Publication Nos. (1)
US2007/0088394A1, (2) US2007/0088396A1, (3) US2007/0088397A1, (4)
US2007/0088398A1, (5) US2007/0088400A1, (6) US2007/0088405A1, (7)
1UUS2007/0088418A1, and International Publication No. WO/2007/047681A2.

INCORPORATION BY REFERENCE
[003] All publications and patent applications mentioned in this specification are herein
incorporated by reference to the same extent as if each individual publication or patent

application was specifically and individually indicated to be incorporated by reference.

FIELD
[004] This disclosure generally relates to leadless cardiac pacemakers. More specifically,

this disclosure describes the use of temperature sensors in leadless cardiac pacemakers.

BACKGROUND

[005] Cardiac pacing by an artificial pacemaker provides an electrical stimulation of the
heart when the heart’s own natural pacemaker and/or conduction system fails to provide
synchronized atrial and ventricular contractions at rates and intervals sufficient for a patient's
health. Such antibradycardial pacing provides relief from symptoms and even life support for
hundreds of thousands of patients.

[006] The rate of stimulation provided by a pacemaker may need to be adjusted to match
the level of the patient’s physical activity. Prior rate responsive pacemakers have relied on,
among other parameters, central venous temperature to indicate the need to adjust stimulation
rates up or down. Prior devices often used temperature sensors connected to the pacemaker body
by a lead extending from the pacemaker body’s location outside of the heart to a temperature
sensor located within the patient’s heart. Two examples of prior rate-responsive pacemakers

may be found in US Patent No. 5,411,535 and US Patent Publication No. 2007/0088400.
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SUMMARY OF THE DISCLOSURE

[007] In one embodiment, a leadless cardiac pacemaker is provided comprising a hermetic
housing adapted and configured to be disposed in a chamber of a human heart, a battery disposed
in the housing, at least two electrodes supported by the housing, a temperature sensor supported
by the housing, and a controller disposed in the housing and adapted to sense intracardiac
information using the two electrodes and deliver stimulation energy from the battery to the
electrodes using temperature information from the temperature sensor.

[008] In some embodiments, the temperature sensor comprises a thermistor. In one
embodiment, the thermistor is bonded to an interior surface of the housing. In some
embodiments, the thermistor is mounted on a header assembly of the housing.

[009] In one embodiment of the pacemaker, the controller comprises an ASIC and the
temperature sensor comprises a semiconductor temperature sensor incorporated into the ASIC.
[0010] In one embodiment, the leadless cardiac pacemaker further comprises a bonded
thermal path between the temperature sensor and the housing. In one embodiment, the bonded
thermal path is a thermal pad.

[0011] In some embodiments, the temperature sensor is disposed within the housing. In
other embodiments, the temperature sensor is not directly attached to the housing. In yet another
embodiment, the temperature sensor is disposed outside of the can.

[0012] A method for providing electrical pacing signals to a patient’s heart is also provided,
comprising sensing intracardiac information via two electrodes in contact with tissue within a
chamber of the heart and supported by a hermetic housing disposed within the chamber,
providing electrical stimulation signals to the heart at a stimulation rate using the electrodes,
sensing temperature with a temperature sensor supported by the housing, and adjusting the
stimulation rate of electrical stimulation signals using a controller disposed within the housing
based on the temperature.

[0013] In some embodiments, the sensing step comprises sensing the temperature with a
thermistor. In other embodiments, the sensing step comprises sensing the temperature with a
thermistor bonded to an interior surface of the housing. In additional embodiments, the sensing
step comprises sensing the temperature with a thermistor mounted on a header assembly of the
housing. In yet another embodiment, the sensing step comprises sensing the temperature with a
semiconductor temperature sensor incorporated into an ASIC containing the controller. In
another embodiment, the sensing step comprises sensing the temperature with a temperature
sensor disposed within the housing. In one embodiment, the sensing step comprises sensing the

temperature with a temperature sensor disposed outside the housing.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0014] The novel features of the invention are set forth with particularity in the claims that
follow. A better understanding of the features and advantages of the present invention will be
obtained by reference to the following detailed description that sets forth illustrative
embodiments, in which the principles of the invention are utilized, and the accompanying
drawings of which:
[0015] Fig. 1 shows a leadless cardiac pacemaker including a temperature sensor.
[0016] Fig. 2 illustrates a temperature sensor disposed within a hermetic housing of a
leadless cardiac pacemaker.
[0017] Fig. 3 illustrates a semiconductor temperature sensor integrated into an ASIC ina
leadless cardiac pacemaker.
[0018] Fig. 4 illustrates another embodiment of a semiconductor temperature sensor
integrated into an ASIC in a leadless cardiac pacemaker.
[0019] Figs. 5A and 5B illustrate one embodiment of a leadless cardiac pacemaker with a
thermistors temperature sensor.
[0020] Fig. 6 is one embodiment of a thermal circuit for use in a leadless cardiac pacemaker.
[0021] Fig. 7 illustrates a thermal model based on the thermal circuit of Fig. 6.
[0022] Fig. § illustrates a thermal model based on one embodiment of the temperature sensor
of Figs. 5A-5B.
[0023] Fig. 9 illustrates a thermal model based on another embodiment of the temperature
sensor of Figs. 5SA-5B.
[0024] Fig. 10 illustrates a thermal model based on yet another embodiment the temperature
sensor of Figs. SA-5B.
[0025] Fig. 11 illustrates a thermal model based on one embodiment of the temperature
sensor of Figs. SA-5B.
[0026] Fig. 12 illustrates a thermal model based on another embodiment of the temperature
sensor of Figs. 5A-5B.
[0027] Fig. 13 is another embodiment of a thermal circuit for use in a leadless cardiac
pacemaker.

[0028] Fig. 14 illustrates a thermal model based on the thermal circuit of Fig. 13.
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DETAILED DESCRIPTION OF THE INVENTION

[0029] This disclosure relates to a rate responsive leadless cardiac pacemaker or other leadless
biostimulator. The leadless biostimulator can be implanted within a chamber of the patient’s
heart. Instead of measuring central venous temperature using a temperature sensor on a lead
extending from the biostimulator housing, embodiments of the rate responsive leadless
biostimulator of this disclosure can employ a temperature sensor supported by the biostimulator
housing. The leadless biostimulator of this disclosure can use the measured temperature to
adjust the rate of its electrical stimulation signals using a controller disposed within the housing.
[0030] Some embodiments of a leadless biostimulator may include a hermetic housing
disposed in a chamber of a human heart, a battery disposed in the housing, at least two electrodes
supported by the housing, a temperature sensor supported by the housing and a controller
disposed in the housing. The controller can be adapted to sense intracardiac information using
the two electrodes and to deliver stimulation energy from the battery to the electrode using
temperature information from the temperature sensor. The temperature sensor may be supported
by the leadless biostimulator housing in any manner consistent with the thermal time constant
requirements of the system. The temperature sensor may be a thermistor or a semiconductor
temperature sensor incorporated into the controller.

[0031] In order to use central venous temperature as the metabolic parameter for a rate
response algorithm, the leadless biostimulator may be able to sense and respond to changes in
central venous temperatures within a clinically significant period of time, such as less than 30
seconds. Since the leadless biostimulator will be disposed in contact with the patient’s blood
within the patient’s heart, the biostimulator design can provide a heat conduction path from the
blood to the temperature sensing element whose time constant is sufficiently small to allow the
sensor to reach its final value within the chosen clinically significant time. Thus, for example, if
the desired clinically significant time is 30 seconds, the thermal time constant of the temperature
sensing components might be chosen to be 10 seconds.

[0032] Fig. 1 shows a leadless cardiac pacemaker or leadless biostimulator 1. Biostimulator 1
can include a housing 6 having a header section 2 made from an electrically insulating material
and extending from a hermetic can 3 and 4 made from, e.g., titanium. Can section 3 can be
electrically insulated, and can section 4 may not insulated so that it can serve as an electrode. An
electronics compartment within the cans 3 and 4 can contain the electronic components
necessary for operation of the biostimulator, including a battery and a controller. A helical
fixation device 5 can extend through a passage in can 3 into and through header 2 as shown. In
some embodiments, the fixation device 5 can comprise an electrode, and in other embodiments a

distal electrode can be separate from the helical fixation device. Other details of leadless

-4-



10

15

20

25

30

35

WO 2012/051237 PCT/US2011/055873

biostimulators may found in the copending applications referenced above and incorporated by
reference herein,

[0033] In the embodiment of Fig. 1, a thermistor 7 can disposed in header 2. The thermistors
can include at least two thermistors leads for electrically connecting the thermistors 7 to the
controller of the leadless biostimulator. In this embodiment, at least one of the thermistor leads
can extend through a feedthrough in can section 3 to a controller within the can. The other
thermistor lead may be electrically connected to the can, or can alternatively pass through a
feedthrough into the interior of the can. In this embodiment, thermistor 7 can be in contact with
an interior surface of header 2 and thus can be in thermal contact with blood surrounding the
biostimulator through header 2. The controller inside housing 6 can be adapted to sense
intracardiac information using electrodes 4 and 5 and to deliver stimulation energy from the
battery to electrodes on the leadless biostimulator using temperature information from the
thermistor 7. In some embodiments, the rate of stimulation provided by a pacemaker may need
to be adjusted to match the level of the patient’s physical activity or temperature. For example,
the temperature information can determine the temperature of the patient and adjust the rate of
stimulation to account for temperature variations due to fever or exercise.

[0034] In the embodiment of Fig. 2, the temperature sensor can be a thermistor 126 disposed
within a hermetic can 100 of the housing. As shown in this cross-sectional view, thermistor 126
can be bonded so as to be thermally connected to an inside surface of hermetic can 100, and the
thermistors can connect to ASIC controller 120 via leads 128 and substrate 124. Thus,
thermistor 126 can be configured to sense the temperature of blood surrounding the biostimulator
through housing 100. Other elements within hermetic can 100 include the ASIC substrate 124,
other electronic components 122, and a battery (not shown). At least two electrodes can be
supported by, and exterior to, the housing as in the embodiment of Fig. 1. In some
embodiments, the ASIC 120 can be adapted to sense intracardiac information using the
electrodes and to deliver stimulation energy from the battery to one of the electrodes using
temperature information from the thermistor 126.

[0035] In the embodiment of Fig. 3, the temperature sensor can be a semiconductor
temperature sensor integrated into ASIC 124. A thermally conductive pad 125 can extend from
the temperature sensor in ASIC 124 to an interior surface of housing 100. Thus, the temperature
sensor can sense the temperature of blood surrounding the biostimulator through housing 100
with conductive pad 125. As in the embodiment of Fig. 2, at least two electrodes can be
supported by, and exterior to, the housing. The ASIC 120 can be adapted to sense intracardiac
information using the electrodes and to deliver stimulation energy from the battery to one of the

electrodes using temperature information from the integrated temperature sensor.
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[0036] The embodiment of Fig. 4 is similar to that of Fig. 3, but omits the thermally
conductive pad. Thus, the temperature sensor integrated into ASIC 120 senses the temperature
of blood surrounding the biostimulator via the thermal resistance between the ASIC 120 and the
can 100. Similarly, in this embodiment, the ASIC 120 can be adapted to sense intracardiac
information using the electrodes and to deliver stimulation energy from the battery to one of the

electrodes using temperature information from the integrated temperature sensor.

EXAMPLE 1

[0037] Tests were conducted to see how thermal response times compared among some of
these embodiments. Figures SA and 5B show a first prototype assembly having a housing 200
made from a tube capped off at ends 202 and 204 with silicone. The tube can be an 8mm
stainless steel tube, for example. A thermistor 206 was encapsulated with cyanoacrylate to bond
it to the inside of housing 200 within the silicone at end 204. Silicone grease was applied
between the thermistor and the housing wall contact point. Wires 208 extending from thermistor
206 were insulated. The cavity 210 within housing 200 was filled with water. Housing 200 had
a 7 mm diameter and 25.5 mm length. The silicone at end 204 extended 6.5 mm into housing
200.

[0038] Two beakers were filled with 500 ml of distilled water and immersed a thermistor in
each beaker to monitor temperature. The second beaker was then placed on a hot plate/stirrer
and the temperature was adjusted approximately 10°C higher than the first beaker. The stirrer
ran to agitate the solution. The prototype assembly was immersed in the first beaker for at least
5 minutes and transferred the prototype assembly to the second beaker in less than 1 second.
The temperature was recorded from all three sensors (one on each beaker and one on the
prototype assembly) for a sample rate greater or equal to 1 second/sample for at least 1 minute
after transferring the prototype assembly to the second beaker. It was verified that the
temperature in the second beaker does not change by more than 5% during the course of the
procedure.

[0039] The measured temperatures were compared with a thermal model based on the thermal
circuit shown in Fig. 6. The results are shown in Fig. 7. The model time constants are derived
by minimizing the RMS error in Tm(t) — Tt(t) over all time. For each experiment the derived
time constants are given. In this case the thermal time constant between the bath and thermistor
was determined to be 4.3 seconds.

[0040] Let: t = time since immersion in bath; Th = bath temperature; Tc = start temperature;

Tm(t) = thermistor temperature, measured; Tt(t) = thermistor temperature, simulated; Te(t) =
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adhesive + silicone temperature, simulated; tbt = bath-to-thermistor time constant; tbe = bath-to-

adhesive + silicone time constant; tte = thermistor-to-adhesive + silicone time constant.

[0041] Then:

Th—Te(t) e_#
Th-Tc

cnn sm

Te(t) = Th—(Th—Tc)-e ®

Th - Tt(t1) _ Tt(t1) - Te(t1)
bt Tte

Tt(t2) - TH(el) = [ } (12-11)

EXAMPLE 2

[0045] Another test was conducted using a prototype similar to that of Figs. SA-5B but using
much less cyanoacrylate adhesive to bond the thermistor to the can. The same test protocol was
used as in Example 1. The results are shown in Fig. 8. The thermal time constant between the

bath and thermistor was determined to be 3.0 seconds.

EXAMPLE 3

[0046] A test was conducted using the test protocol of Example 1 with a prototype similar to
that of Figs. 5A-5B but filled with air instead of water. The results are shown in Fig. 9. The
thermal time constant between the bath and thermistor was determined to be 4.0 seconds and

therefore the thermal mass of the battery is not expected to greatly change these results.

EXAMPLE 4

[0047] A test was conducted using the test protocol of Example 1 with a prototype similar to
that of Figs. 5A-5B but with an air gap between the silicone plug and the adhesive/thermistor,
and using only a very small amount of cyanoacrylate adhesive to bond the thermistor to the can.
The results are shown in Fig. 10. The thermal time constant between the bath and thermistor was

determined to be 3.4 seconds.

EXAMPLE 5

[0048] A test was conducted using the test protocol of Example 1 with a prototype similar to
that of Figs. SA-5B but with the thermistor floating in, not bonded to, the can and with the can
filled with air instead of water. The results are shown in Fig. 11. The thermal time constant

between the bath and thermistor was also determined to be 5.5 seconds.
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EXAMPLE 6

[0049] A test was conducted using the test protocol of Example 1 with a prototype similar to
that of Figs. 5A-5B but with the thermistor floating in the can, with the insulated wires leading
from the thermistor contained within a straw to further insulate the wires from the bath
temperature, and with the can filled with air instead of water. The results are shown in Fig. 12.

The thermal time constant between the bath and thermistor was determined to be 11.8 seconds.

EXAMPLE 7

[0050] A test was conducted using the test protocol of Example 1 with a prototype similar to
that of Figs. SA-5B but with the thermistor bonded to a semiconductor chip within the can. The
chip dimensions were 4 mm x 5 mm x 20 mils. The semiconductor/thermistor assembly was
wrapped in one layer of polyimide tape, and the thermistor wires were thermally insulated from
the bath using a straw. The can was filled with air, not with water. In this simulation, the model
was altered to allow the semiconductor chip (simulating an ASIC) to gain heat from the bath at a
first time constant, the thermistor to gain heat from the ASIC at a second time constant, and the
thermistor to lose heat to the wires at a third time constant. The thermal model is shown in Fig.
13. The results of this test are shown in Fig. 14. The bath to ASIC time constant was
determined to be 12.9 seconds. This test suggests that the thermal time constant between an
integrated AISC thermal sensor with no specific thermal connection between the can and ASIC
provides acceptable thermal results within the housing of a leadless cardiac pacemaker.

[0051] In some embodiments, the temperature sensor may be a thermistor, a semiconductor
temperature sensor, or part of an ASIC containing the controller. The sensed temperature is used
by the leadless stimulator control circuitry to adjust a rate of electrical stimulation provided by
the biostimulator to the patient’s heart.

[0052] The temperature sensor may sense temperate in a range between 36°C to 42°C. The
low end of the temperature range allows for normal body temperature (37°C), less circadian
variations and less a dip in temperature due to exercise. The high end of the temperature range
allows for normal body temperature, plus fever, plus the increase in temperature due to exercise.
The resolution may be about 0.023°C. This represents better than1/5™ of the smallest anticipated
dip amplitude during exercise (0.15°C).

[0053] Unless defined otherwise, all technical terms used herein have the same meanings as
commonly understood by one of ordinary skill in the art of cardiac technologies. Specific
methods, devices, and materials may be described in this application, but any methods and
materials similar or equivalent to those described herein can be used in the practice of the present

invention. While embodiments of the invention have been described in some detail and by way

-8-



10

15

WO 2012/051237 PCT/US2011/055873

of exemplary illustrations, such illustration is for purposes of clarity of understanding only, and
is not intended to be limiting. Various terms have been used in the description to convey an
understanding of the invention; it will be understood that the meaning of these various terms
extends to common linguistic or grammatical variations or forms thereof. It will also be
understood that when terminology referring to devices, equipment, or drugs that have been
referred to by trade names, brand names, or common names, that these terms or names are
provided as contemporary examples, and the invention is not limited by such literal scope.
Terminology that is introduced at a later date that may be reasonably understood as a derivative
of a contemporary term or designating of a hierarchal subset embraced by a contemporary term
will be understood as having been described by the now contemporary terminology. Further,
while some theoretical considerations have been advanced in furtherance of providing an
understanding of the invention, the claims to the invention are not bound by such theory.
Moreover, any one or more features of any embodiment of the invention can be combined with
any one or more other features of any other embodiment of the invention, without departing from
the scope of the invention. Still further, it should be understood that the invention is not limited
to the embodiments that have been set forth for purposes of exemplification, but is to be defined
only by a fair reading of claims that are appended to the patent application, including the full

range of equivalency to which each element thereof is entitled.
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CLAIMS

WHAT IS CLAIMED IS:

1. A leadless cardiac pacemaker comprising:
a hermetic housing adapted and configured to be disposed in a chamber of a human heart;
a battery disposed in the housing;
at least two electrodes supported by the housing;
a temperature sensor supported by the housing; and
a controller disposed in the housing and adapted to sense intracardiac information using
the two electrodes and deliver stimulation energy from the battery to the electrodes using

temperature information from the temperature sensor.

2. The leadless cardiac pacemaker of claim 1 wherein the temperature sensor comprises a
thermistor.
3. The leadless cardiac pacemaker of claim 2 wherein the thermistor is bonded to an interior

surface of the housing.

4. The leadless cardiac pacemaker of claim 2 wherein the thermistor is mounted on a header

assembly of the housing.

S. The leadless cardiac pacemaker of claim 1 wherein the controller comprises an ASIC and
the temperature sensor comprises a semiconductor temperature sensor incorporated into the

ASIC.

6. The leadless cardiac pacemaker of claim 4 further comprising a bonded thermal path

between the temperature sensor and the housing.

7. The leadless cardiac pacemaker of claim 6 wherein the bonded thermal path is a thermal
pad.
8. The leadless cardiac pacemaker of claim 1 wherein the temperature sensor is disposed

within the housing.
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9. The leadless cardiac pacemaker of claim 1 wherein the temperature sensor is not directly

attached to the housing.

10. The leadless cardiac pacemaker of claim 1 wherein the temperature sensor is disposed

outside of the can.

11. A method for providing electrical pacing signals to a patient’s heart comprising:

sensing intracardiac information via two electrodes in contact with tissue within a
chamber of the heart and supported by a hermetic housing disposed within the chamber;

providing electrical stimulation signals to the heart at a stimulation rate using the
electrodes;

sensing temperature with a temperature sensor supported by the housing; and

adjusting the stimulation rate of electrical stimulation signals using a controller disposed

within the housing based on the temperature.

12. The method of claim 11 wherein the sensing step comprises sensing the temperature with

a thermistor.

13. The method of claim 12 wherein the sensing step comprises sensing the temperature with

a thermistor bonded to an interior surface of the housing.

14. The method of claim 12 wherein the sensing step comprises sensing the temperature with

a thermistor mounted on a header assembly of the housing.

15.  The method of claim 11 wherein the sensing step comprises sensing the temperature with

a semiconductor temperature sensor incorporated into an ASIC containing the controller.

16.  The method of claim 11 wherein the sensing step comprises sensing the temperature with

a temperature sensor disposed within the housing.

17.  The method of claim 11 wherein the sensing step comprises sensing the temperature with

a temperature sensor disposed outside the housing.
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Let:

t = time since immersion in bath

Th = bath temperature

Tc = start temperature

Tm(t) = thermistor temperature, measured

Tt(t) = thermistor temperature, simulated

Te(t) = adhesive + silicone temperature, simulated
bt = bath-to-thermistor time constant

the = bath-to-adhesive + silicone time constant

tte = thermistor-to-adhesive + silicone time constant

Then:
_ A
Th-Tel) _ ,~pe
Th-Te

t
Te(t) = Th— (Th-Tc) +e the

TH{t2)-Tt(t1) = [Th ‘Tg(”) () ;teTe(”) } (t2-t1)

FIG. 6
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Time constants derived from Example 1:

symbol | parameter value units
ht Bath-to-thermistor time constant 43 seconds
he Bath-to-adhesive + silicone time constant 9.7 seconds
1te Thermistor-to-adhesive + silicone time constant 15 seconds
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30.00
. 28.00 :
£ / — TH(t)
g . ----Tm(f)
£ 2600 / —— Tefl
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FIG. 7
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Time constants derived from Example 2:
symbol | parameter value units
Tt Bath-to-thermistor time constant 3.0 seconds
the _B_ath-to-adhesive time constant 10.0 seconds
le Thermistor-to-adhesive time constant ' 6.0 seconds
38.00
36.00
34.00
32.00
o
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FIG. 8
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Time constants derived from Example 3:

symbol | parameter value units

ht Bath-to-thermistor time constant 40 seconds

the Bath-to-adhesive time constant 9.7 seconds

Tie Thermistor-to-adhesive time constant 15 seconds
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Time constants derived from Example 4:
symbol | parameter value units
ht Bath-to-thermistor time constant 34 seconds
The Bath-to-adhesive time constant 34 seconds
7te Thermistor-to-adhesive time constant oo seconds
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Time constants derived from Example 5:
symbol | parameter value units
ht Bath-to-thermistor time constant 55 seconds
the Bath-to-air time constant 16.0 seconds
e Thermistor-to-air time constant 39 seconds
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Time constants derived from Example 6:

symbol | parameter value units

ht Bath-to-thermistor fime constant 118 seconds

he Bath-to-wire time constant 233 seconds

e Thermistor-to-wire fime constant 39 seconds
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Re Te(t) Rt Tm(t) Rw

oo AAN AAN AAN

tbe tet

<> Thath == Casic

— Ct
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ttc

[ Ceold

Let:

t = time since immersion in bath

Th = bath temperature

Tc = start temperature

Tm(t) = thermistor temperature, measured
Tt(t) = thermistor temperature, simulated
Te(t) = ASIC-temperature, simulated

tet = ASIC-to-thermistor time constant
the = bath-t0-ASIC time constant

tc = thermistor-to-wire time constant

Then:
Th-Ti L
oY =g the
Th-Tc

t
Te(t) =Th—(Th-Tc) e tbe

— } (t2-t1)
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Time constants derived from Example 7:
symbol | parameter value units
6t ASIC-to-thermistor time constant 14 seconds
The Bath-to-ASIC time constant 129 seconds
e Thermistor-fo-wire time constant 100 seconds
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