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(57) Abstract: Systems and methods for manipulating the temperature of
a surface are described. Described embodiments include thermal adjust-
ment devices that may include a heatsink and that are operated in two or
more modes of operation to apply a desired temperature to a user. In one
operating mode the thermal adjustment device may apply a first temper-
ature to an underlying surface while generating heat at a rate faster than
the heatsink's heat dissipation rate. The thermal adjustment device may
then apply a second temperature to reduce the rate of heat generation to
be less than the heatsink's heat dissipation rate. These modes of operation
may be applied cyclically to permit continuous operation of the thermal
adjustment device. In some embodiments, the temperature profile applied
when changing between the modes of operation may be selected such that
the user experiences either a reduced, or substantially, neutral thermal
sensation.
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METHODS AND SYSTEMS FOR DISSIPATING THERMAL LOADS IN WEARABLE
DEVICES

CROSS-REFERENCE TO RELATED APPLICATIONS
(G001 This application claims the benefit ander 35 U.S.C. § 119(e) of UL.S. provisional
application serial number 62/624,463, filed January 31, 2018, the disclosure of which is

incorporated by reference in I8 entirety.

FIELD
[G002] Disclosed embodiments are related to methods and systems for dissipating
thermal loads in wearable devices.
BACKGROUND
[8083] Thermoelectric cooling systems have been of great interest for applying cooling

to the human body. Also, improving battery capacity has made it possible to integrate electronic
devices into wearable technology. Applications for these types of thermoelectric systems for
cooling the human body include migraine relief, wrinkle control, thermal relief from menopausal
hot flashes, providing personal comfort within buildings, improving human performance in
extreme environments, and other appropriate applications. Thermoelectrics offer several
advantages in such applications including low form factors (especially compared with
compressor technology), no moving parts which may be mechanically robust and silent, and
precise dynamic control over teraperature profiles applied by the device. To handle the thermal
loads generated by the use of these thermoelectric systems, prior systems have used heat
management solutions such as evaporative cooling, forced convection using a combination of
heatsinks and fans, and terminating device operation after a set duration and/or after a preset

temperature is reached.

SUMMARY
(66841 In one embodiment, a device for manipulating a temperatare of a surface includes
at least one heating and/or cooling element constructed and arranged to be disposed adjacent the

surface and a heatsink in thermal communication with the at least one heating and/or cooling
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element and an external environment of the device. The device also includes a controller in
electrical comununication with the at least one heating and/or cooling element. The controller is
configured to cause the at Jeast one heating and/or cooling element to apply a first operating
temperature to the surface with a first temperature profile during a first operating mode, and the
controller is configured to cause the at least one heating and/or cooling element to apply a second
temperature to the surface with a second terperature profile during a second operating mode.
The second teruperature is between the first operating temperature and a temperature of the
heatsink, and the heatsink dissipates a thermal load while the second temiperature is applied to
the surface.

[ B35 In another embodiment, a method for manipulating a temperature of a surface
includes: applying a first temperature to the surface with a first temperature profile; applying a
second temperature to the surface with a second temperature profile; and dissipating heat from a
heatsink while the second temperature is applied to the surface, wherein the second temperature
is between the first temperature and a temperature of the heatsink.

[G006] In yet another embodiment, a method for manipulating a temperature of a surface
includes: cyclically applying at least first and second modes of operation to apply thermal
stimulation to the surface. The first operating mode includes applying a first temperature to the
surface with a first temperature profile while generating heat at a first rate of heat generation and
dissipating heat with a heatsink with a first rate of heat dissipation. The first rate of heat
dissipation is less than the first rate of heat generation. The second operating mode includes
applying a second temperature to the surface with a second temperature profile while generating
heat at a second rate of heat generation and dissipating heat with the heatsink with a secound rate
of heat dissipation. The second rate of heat dissipation is greater than the second rate of heat
generation.

FB37 In still another emnbodiment, a device for manipulating a teraperature of a surface
includes at least one heating and/or cooling element constructed and arranged to be disposed
adjacent the surface, and a heatsiok in thermal communication with the at least one heating
and/or cooling element and an external environment of the device. The device also includes a

controller 1o electrical communication with the at least one heating and/or cooling element. The
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controller is configured to cause the at least one heating and/or cooling element to cyclically
apply at least first and second modes of operation to apply thermal stiroulation to the surface.
During the first operating mode the controller is configured to cause the at least one heating
and/or cooling element to apply a first temperature to the surface with a first temperature profile
while generating heat at a first rate of heat generation and dissipating heat with the heatsink with
a first rate of heat dissipation. The first rate of heat dissipation is less than the first rate of heat
generation. During the second operating roode the controller is configured to cause the at least
one heating and/or cooling element to apply a second temperature to the surface with a second
temperature profile while generating heat at a second rate of generation and dissipating heat with
the heatsink with a second rate of dissipation. The second rate of dissipation is greater than the
second rate of generation.

[3808] It should be appreciated that the foregoing concepts, and additional concepts
discussed below, may be arranged in any suitable combination, as the present disclosure is not
limited in this respect. Further, other advantages and novel features of the present disclosure will
become apparent from the following detailed description of various non-limiting embodiments

when considered in conjunction with the accompanying figures.

BRIEF DESCRIPTION OF DRAWINGS
[6069] The accompanying drawings are not intended to be drawn to scale. In the
drawings, each identical or nearly identical component that is illustrated in various figures may
be represented by a like numeral. For purposes of clarity, not every component may be labeled

in every drawing. In the drawings:

(86107 Fig. 1 1s a schematic representation of one ernbodiment of a thermal adjustment
device;
(0011} Fig. 2A is a schematic exploded perspective view of one embodiment of a thermal

adjustment device without the battery depicted;
(86137 Fig. 2B is a cross sectional view of the embodiment of the thermal adjustment

device of Fig. 2B with the battery depicted;
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(601 3] Fig. 3 is a graph of one embodiment of a temperature profile that may be applied
using a thermal adjustment device;
[6014] Fig. 4 is a graph of one embodiment of the corresponding temperature profiles of

a heatsink and temperature applied to the skin of a user during operation of a thermal adjustment
device;
[0015] Fig. 3 1s a flow diagram of one embodiment of a method for operating a thermal

adjustroent device to dissipate thermal loads of an associated heatsink;

[6816] Fig. 6 1s a graph of different forms of temperature perception;
(00171 Fig. 7 is a graph of temperature change from skin temperature versus rate of

temperature change for thermal perception by a subject;

[G018] Fig. 8A is a graph of temperatiire perceptions by an individual for changes from
an adaptation temperature versus the adaptation temperature;

[(019] Fig. 8B is a graph depicting several temperature profiles overlaid on the graph of
temperature perceptions of Fig. 8A that result in the perception of neutral thermal sensations by a
Bser;

[802¢] Fig. 9A is a schematic diagram of an active cooling process for a thermoelectric
system coupled to a heatsink;

[8021] Fig. 9B is a schematic diagram of a thermal equilibration process of the heatsink
for the system of Fig. 9A after active cooling;

[8022] Fig. 10A is a graph of temperature versus time for the skin of a userand a
heatsink of a thermal adjustinent device after the system has been turned off;

(6023} Fig. 10B is a graph of temperature perceptions experienced by a user during the
device operation depicted in Fig. 10A;

[0024] Fig. 11A is a graph of temperature versus time for the skin of a user and a
heatsink of a thermal adjustment device during thermal equilibration of the heatsink while
maintaining a desired skin temperature;

[6025] Fig. 11B is a graph of temperature perceptions experienced by a user during the

device operation depicted in Fig. 114



WO 2019/152172 PCT/US2019/013348

-5-

[0026] Fig. 12A is a graph of temperature versus time for the skin of a user and a
heatsink of a thermal adjustruent device where the heatsink is at too high a temperature to perroit
thermal eguilibration of the heatsink to a lower temperature for the applied system temperatures;
and

(60271 Fig. 12B is a graph of temperature perceptions experienced by a user during the

device operation depicted in Fig. 12A.

DETAILED DESCRIPTION
[B328] The Inventors have recognized that the use of etther limnited daration, bulky,
and/or large power consumption cooling strategies have limited the use of thermal adjustment
devices for various applications. Additionally, as outlined further below, the Inventors have
recognized that prior systems that operate by simply turning off after a predetermined operating
duration and/or a predetermined temperature has been reached may result in an undesired
thermal sensation being applied to a user. Specifically, as an associated heatsink equilibrates to
the surrounding environmental temperature, elevated terperatures are applied to the user.
Accordingly, the Inventors have recognized that it may be desirable to operate a thermal
adjustment device, which may be wearable in some applications, in a manner that permits heat
from an associated heatsink to be dissipated to the surrounding environment without generating
undesired thermal sensations for a user. For example, it may be undesirable to apply a warming
thermal sensation to a user that is using the thermal adjustment device to provide a cooling
thermal sensation. Thus, since the undesired thermal sensations are avoided, such a process may
enable the thermal adjustment device to be continuously worn and remain in contact with the
skin of a user through any number of alternating cycles of applying a desired thermal sensation
to the user and thermal dissipation.
[6029] Based on the forgoing, the Inventors have recognized the benefits associated with
a thermal adjustment device including a heatsink used for storing and dissipating thermal energy
from the system. However, such a system may present several competing factors when
designing a system to operate continuously. For example, when the thermal adjustment device

includes one or more thermoelectric materials, there are competing mechanisms between the
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dissipation of heat from the passive heatsink and the generation of heat within the thermoelectric
material. Specifically, the more heat the heatsink stores, i.e. the higher the temperature of the
heatsink, the better the heatsink is at dissipating heat into the environmoent, i.e. faster heat
dissipation rates. However, higher temperatures reduce the efficiency of the thermoelectric, thus,
the thermoelectric generates more waste heat at higher temperatures that is either stored or
dissipated by the heatsink to generate the same arpount of cooling.

(3338 In view of the above, the Inventors have recognized the henefits associated with
operating a thermal adjustment device in a manner that balances heat generated within the device
and heat that is dissipated into the environment during continuous operation of the thermal
adjustment device during two or roore modes of operation. For example, 1o one embodiment, 1o
a first operating mode, a thermal adjustment device may apply a first operating teruperature to a
sarface, such as the skin of a user, for a first daration during which an associated heatsink of the
device may increase in temperature. In a second operating mode, the thermal adjustment device
mway then apply a second temperature to the surface for a second duration. The thermal
adjustient device may dissipate heat from the heatsink of the thermal adjustment device while
the second temperature is applied to the surface. In some embodiments, the second temperature
may be between the first temperature and a temperature of the heatsink. By maintaining a
temperature of the surface at a desired temperature during heat dissipation from the heatsink, it
may be possible to prevent the application of undesired thermal sensations to a user during
thermal equilibration of the heatsink. After a desired duration, dissipating sufficient heat, and/or
reaching an appropriate heatsink temperature, the thermal adjustment device may return to
normal operation to apply a desired thermal sensation to a user including, for example, returning
to the first temperature.

(00311 It should be understood that the heatsinks discussed above and elsewhere in the
current disclosure may refer to either a passive and/or an active heatsink. Specifically, a passive
heatsink may correspond to a thermally conductive material (heatsink) that dissipates heat into
the environment through a combination of natural convection, radiative cooling, and convection
due to movement of the device if worn without the aid of a fan or other active component. This

18 in contrast to an active heatsink where forced convection is used to remove heat from a
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heatsink using either a fan or pumyp to blow a fluid over or through the heatsink as well as
heatsinks where evaporative cooling is implemented. However, a passive heatsink may offer
significant advantages when incorporated in a wearable or portable application. For example, a
passive heatsink rmay be designed to have a low form factor and the passive heatsink has no
moving parts which roay increase a reliability of the overall systermn. However, passive heatsinks
are relatively poor at dissipating heat. Accordingly, prior systemns that utilized passive heatsinks
were designed to be rernoved from the body after a period of use to allow the heatsink to cool
down. In contrast, the currently described systerus may be used continuously through the use of
two or more alternating rodes of operation even when a passive heatsink is used to dissipate the
thermal energy generated during use. Additionally, in some embodiments, a smaller actively
cooled heatsink that would not otherwise be capable of cooling a thermal adjustment device
safficiently for continuous operation may also be enabled through the use of the disclosed
operating methods. Accordingly, it should be understood that the currently disclosed thermal
adjustment devices and methods of operation are not limited to any particular type of heatsink as
the disclosure is not so Iimited.

[6832] It should be understood that the above noted second temperature applied to a
surface during heat dissipation from a heatsink may correspond to any appropriate temperature
that permits a temperature of the heatsink to return to a desired operating temperature. However,
in one embodiment, the second temperature may be between an initial temperature of the surface,
1.e. initial skin temperature, and a temperature of the heatsink. Alternatively, in another
embodiment, the second temperature may be between the initial temperature of the surface and
the first temperature applied to the user during normal operation. Additionally, while a constant
second temperature may be applied, in some embodiments, the second temperature applied to a
surface during heatsink equilibration may be a variable temperature as the disclosure is not so
limited. Specific considerations related to these different operating regimes are elaborated on
further below.

[6033] 1t should be understood that the temperatures applied during the various modes of
operation, i.e. daring normal operation and during heat dissipation, may either be the same

and/or ditferent during subsequent cycles of a thermal adjustment device during continuous



WO 2019/152172 PCT/US2019/013348

-

operation. For example, in one embodiment, a thermal adjustment device may apply the same
temperature profile during subsequent noroal and heat dissipation modes of operation.
Alternatively, the temperature profiles and/or absolute temperatures applied during the different
modes of operation may be varied between subsequent normal and heat dissipation modes of
operation. Additionally, as elaborated on below, the temperatures applied to a user may vary
and/or be constant during individual portions of a cycle of the thermal adjustiment device and/or
the apphied teraperature may vary. Thus, the first and second teroperatures described herein may
be understood to correspond to first and second teraperature profiles that are applied during the
different modes of operation. Additionally, the currently disclosed modes of operation may
correspond to any number of different types of temperature profiles and/or temperatures as the
disclosuare is not limited in this fashion.

[6034] While the carrently disclosed systems and methods may be used for any
appropriate application, the above embodiment enables the operation of a wearable thermal
adjustment system, such as a thermoelectric cooling system, in the manner described herein.
Further, such a system overcomes the shortcomings of prior systems that included passive
heatsinks by using the heatsink as a heat storage device during an active cooling mode which
may be followed by discharging of the stored heat into the environment without generating
undesired thermal sensations for the user. Additionally, such a system provides advantages
compared to actively cooled systems with reduced bulk and power consumption. However, while
certain advantages are noted above, it should be understood that depending on the particular
embodiment, a system may exhibit either some and/or different advantages than those noted
above as the disclosure is pot limited in this fashion.

[0035] A transition between a normal operating mode of a thermal adjustment device,
such as an active cooling mode where cooling temperatures are applied to a user, and a thermal
dissipation mode of the thermal adjustment device may be implemented in any appropriate
fashion. For example, in one embodiment, a transition between these operating modes may be
initiated upon the detection of one or more operating parameters of the thermal adjustment
device exceeding one or more corresponding thresholds. In some embodiments, the thermal

adjustment device may transition back to a normal operating mode after the one or more
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operating parameters has dropped back below either the initial threshold and or a second lower
threshold which would correspond to a hysteresis threshold reset. Appropriate operating
parameters that may be monitored inchude, but are not Hmited to, a temperature of a heating
and/or cooling element, a temperature differential across a heating and/or cooling element {e.g. a
temperature differential between the opposing sides of a thermoelectric module), a temperature
of the heatsink and/or housing (e.g. in some embodiments a portion of the housing may
correspond to the heatsink}, heat flux between the heatsink and the corresponding cooling and/or
heating element, power consumption of a heating and/or cooling element to ruaintain a desired
temperature, and/or any other appropriate parameter. In one exemplary erabodiment, the thermal
adjustment device may transition from normal operation mode to a thermal dissipation mode
when a temperature of the heatsink exceeds a threshold temperature. The thermal adjustrnent
device may then transition back to normal operation mode when the detected heatsink
temperature is subsequently reduced to 2 temperature less than either the mitial threshold
temperature or a second lower threshold temperature depending on the embodiment.

[(036] The various operating parameters noted herein may be measured using any
appropriate technique. For example, temperatures of the various components may be monitored
using any appropriate temperature probe including thermocouples and thermistors. Heat flux to
and/or from the heatsink may be measured directly using a heat flux sensor; indirectly using
technigues such as a temperature difference across a thermoelectric material to infer the heat
flux, and/or using any other appropriate method. Power consumption of the heating and/or
cooling elements may be monitored using any appropriate power, voltage, and/or current
monitoring arrangement capable of detecting a power applied to the heating and/or cooling
elements. Thus, it should be understood that the current disclosure is not limited to any specific
method of monitoring the parameters discussed herein.

[6037] In some embodiments, it may be desirable to control a thermal sensation applied
to a user during dissipation of a thermal load that has been applied to a heatsink. For example,
after applying a cooling thermal sensation to a user, it may be undesirable to apply a warm
sensation to the same user. Accordingly, in some ernbodiments, it moay be desirable to avoid

sitnply turning off a thermal adjustment device which would permit the entire system to
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equilibrate to a temperature between the two extremes of the heatsink and the corresponding one
or more heating and/or cooling elements. Instead, in sorne embodiments, the teroperature
applied to the underlying surface, i.e. the user’s skin, may be changed to provide either a reduced
or neutral thermal sensation during heat dissipation. Accordingly, the disclosed systerns and
methods enable a heatsink to be thermally discharged, i.e. cooled or warmed to a desired
operating temperature without generating unwanted thermal sensations. Similar to the above,
after the desired amount of thermal dissipation of the heatsink has been achieved the system may
either return to normal operation for another operation cycle and/or the systern may be shast
down.

[3038] As elaborated on further below, a person’s perception of temperature is a coruplex
interaction of both absolute temperature, temperature difference relative to current skin
temperature, and a rate of change of the temperature applied to the person’s skin. Accordingly,
when applying a temperature profile to a user that is intended to be “neutral”, or to apply a
reduced thermal sensation, the applied teraperature profile may inchide temperatures and rates of
temperature change as detailed below. In one emnbodiment, the ternperature may be greater than
or equal to 20°C, 25°C, 30°C, 31°C, 35°C and/or any other appropriate temperature.
Correspondingly, the applied temperature may be less than or equal to 40°C, 36°C, 35°C, 33°C,
and/or any other appropriate temperature. Combinations of the above noted ranges are
contemplated including, for example, temperatures applied to a user that are between or equal to
20°C and 40°C, 30°C and 36°C, 31°C and 35°C with a temperature of 36°C being preferable in
some embodiments, and/or any other appropriate range. These temperature ranges may be
combined with rates of temperature change applied to a user’s skin that are greater than or equal
to 0.01°C/s (Celsius per second), 0.1°C/s, 0.2°C/s, and/or any other appropriate rate of
temperature change. Applied rates of temperature change may also be less than or equal to
1.0°C/s, 0.5°C/s, 0.4°C/s, 0.3°C/s, and/or any other appropriate rate of temperature change.
Combinations of these rates of temperature change are contemplated including, for example, a
rate of temperature change between or equal to 0.01°C/s and 1.0°C/s, 0.01°C/s and 0.5°C/s,
0.1°C/s and 0.3°C/s, as well as 0.01°C/s and 0.1°C/s with a rate of temperature change of about

0.2°C/s being preferable in some embodiments. For example, in one specific embodiment, after
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applying a cooling temperature profile to a user, a thermal adjustment device may increase a
temperature of an underlying adjacent surface, i.e. the user’s skin, to 36°C at a rate of 0.2°C/s to
permnit an associated heatsink to cool down while avoiding generating a perceived warmming
thermal sensation for the user. Of course, while a specific example is given, different
corabinations of the above described temperature ranges and rates are also contemplated as the
disclosure is not so limited.

[G039] The above noted rates of temperature change, as well as other rates of temperature
change described herein, may either refer to an average rate of temperature change during a
particular portion of a temperature profile when changing from a first teraperature to a second
temperature and/or they may refer to a teruperature change rate that is applied during at least a
portion of the applied temperature profile. For example, variable or constant teraperature change
rates may be applied when changing from a first temperature to a second temperature.
Therefore, a particular rate may either be applied during at least a portion of the noted
temperature change and/or the rate may correspond (o an average rate during the noted
temperature change.

100407 It should be understood that the above noted temperatures used during a heat
dissipation mode may be combined with any appropriate range of temperatures used to apply
either a warming and/or cooling thermal sensation to a user during a normal operating mode.
For example, temperatures between or equal to 15°C and 45°C, 20°C and 40°C, 20°C and 27°C,
30°C and 40°C, and/or any other appropriate temperature range may be used during a normal
operating mode.

[0041] While a method of operating a device without creating unwanted thermal
sensations is described above, embodiments in which a thermal adjustment device is operated in
a manner that applies a warming sensation after cooling a user and/or a cooling sensation after
warming a user are conternplated as the disclosure is not so limited.

(33427 In some embodiments, a thermal adjustment device may inclade one or more
heating and/or cooling elements {e.g., thermoelectric materials) that may be positioned directly
adjacent to the skin of a user. An electrical input, for example in the form of an electrical signal,

may be applied to the heating and/or cooling elerment(s) by an associated controller so as to
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manipulate the temperature of the surface of the skin, for example, in the form of a temperature
profile. As detailed further below, the applied temperature profile may either be a constant,
varying, and/or alternating temperature profile. It should also be appreciated that any suitable
heating and/or cooling element may be emploved. For exaraple, a heating and/or cooling
element may correspond to a resistive heating device, convective thermal device, radiative
thermal device, thermoelectric materials, or any other suitable apparatus that may be capable of
generating a desired temperature profile to apply to a person’s skin. In certain embodiments,
thermoelectric materials may be preferred.

(3343 The term thermoelectric, thermoelectric material, thermoelectric module, and
other simtlar terms are given their ordinary meaning in the art and refer to materials in which a
temperature change is generated at a surface of the roaterial upon application of an electric
potential {e.g., voltage and corresponding current), in accordance with the thermoelectric effect
(e.g., often referred to by other names such as the Peltier, Thomson, and Seebeck effects). Any
suitable thermoelectric may be employed, a nomber of which are described further below. It
should be understood that, while a portion of the description herein describes thermoelectric
materials, the present disclosure is not limited to thermoelectric materials, and other thermal
adjustment apparatuses may be employed where appropriate.

[8044] The term resistive heater is given its ordinary meaning in the art and refers to
materials in which a temperature increase is generated at a surface of the material upon
application of an electric potential {e.g., voltage and corresponding current), in accordance with
joule heating. Any suitable resistive heating element may be employed, which could use any
electrical conductor with sufficient resistance to generate joule heating. It should be understood
that, while a portion of the description herein describes resistive heating elements, the present
disclosure is not limited to resistive heating, and other heating apparatuses may be employed
where appropriate.

(0045 In some embodiments, not shown in the figures, the devices and systems
disclosed herein may be incorporated into a wearable article (e.g., an article of clothing). For
example, in certain embodiments, a thermal adjustment device as described herein may be

incorporated in a scarf, necklace, armband, wristband, hat, shirt, vest, pants, leggings, sleeves, or
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any other suitable wearable article capable of being worn on any appropriate portion of a
person’s body. The size of the device may be selected, in sore embodiments, such that the
device fits comfortably on or around a wrist, an ankle, a head, a neck, a torso, an arm, a leg, a
calf, and/or any other appropriate portion of a person’s body. Additionally, in some
ernbodiments, a thermal adjustroent device may be sized such that it fits within an article of

clothing, within the palm of a user’s hand, or any other appropriate size. Additionally,

ernbodiments in which a thermal adjustroent device is not incorporated into a wearable article are
also contemplated. For example, a thermal adjustment device may configured such that it may be
applied manually by a person and/or may be incorporated into a separate stationary system.
Accordingly, it should be understood that the currently disclosed devices and systems are not
himited to any particelar form factor and/or size.

[B346] For the sake of convenience the following embodiments and examples are
primarily described relative to a thermal adjustroent device that is used to apply a cooling
sensation to a user. Accordingly, 1n these embodiments, the second modes of operation during
heat dissipation correspoud to an associated heatsink cooling down in temperatore during a heat
dissipation mode. However, embodiments in which a thermal adjustment device applies a
warming sensation during a normal operating mode and increases a temperature of a
corresponding heatsink during a thermal dissipation mode in which a temperature of the heatsink
increases are also contemplated as the disclosure is not so limited.

(80471 Turning to the figures, specific non-limiting embodiments are described in further
detail. It should be understood that the various systems, components, features, and methods
described relative to these embodiments may be used either individually and/or in any desired
combination as the disclosure is not Hmited to only the specific embodiments described herein.
[0048] Figs. 1-2B depict embodiments of a thermal adjustment device 100 that may be
used to provide thermal stimulation to a user. In some embodiments, the thermal adjustment
device is in the form of a bracelet that is wearable on a wrist, ankle, leg, and/or arm of a user.
However, as noted previously, the thermal adjustiment device may be disposed adjacent to any
appropriate portion of the user’s body and may be integrated into any appropriate wearable

article that may maintain the thermal adjustment device adjacent a desired location on the user’s
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body. As depicted in the figures, the thermal adjustment device may include a housing 102 and a
band 104, or other appropriate structure, that is configured to maintain the thermal adjustroent
device adjacent to the desired portion of the user’s body. Within the housing, the thermal
adjustment device may include one or more heating and/or cooling elernents 106 that may be
configured to apply thermal stimulation to an associated part of a user’s body that the thermal
adjustment device is disposed adjacent to. The thermal adjustment device may include a
controller 108 that is in electrical cornmunication with the at least one heating and/or cooling
element 136. Specifically, the controller may configured to cause the at least one heating and/or
cooling element to apply one or more desired temperatore profiles to a user during the various
operating modes as detailed further below. The thermal adjustruent device may also include one
or more sensors 110 that are operatively coupled to the controller. The sensors may be
configured to sense one or more operating states of the thermal adjustmuent device and/or one or
more physical states of a user. Additionally, as depicted in the figures, the sensors may be
disposed in any number of different positions within the device jncluding, for example, on an
exterior portion of the housing, a portion of the housing located adjacent a user’s skin when
worn, on opposing sides of the heating and/or cooling element, on the controller, and/or any
other appropriate portion of the thermal adjustment device as the disclosure is not so limited. The
thermal adjustment device may also include a battery 112 that is operatively coupled to the
controller.

10049 In the depicted embodiments, a first surface 106a of the one or more heating
and/or cooling elements 106 may be positioned such that it contacts an underlying surface, such
as a user’s skin when worn. The heating and/or cooling elements, the controller 108, and the
battery 112 may be disposed within the exterior housing 102 in any appropriate manner such that
a second surface 106b of the one or more heating and/or cooling elements, such as the hot side of
a thermoelectric module, may be in thermal communication with the exterior housing or other
appropriate structure that may be used as a heatsink. Further, in some embodiments, at least a
portion, and in some instances the entire, housing may be made from a thermally conductive
material that is in thermal contact with the one or more heating and/or cooling elements either

directly or indirectly through one or more intervening components. In such an embodiment, heat
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generated by the one or more heating and/or cooling elements may flow to the one or more
thermally conductive portions of the housing which may act as a passive heatsink to dissipate the
applied thermal load. Further, as detailed below, depending on the particular operating mode, the
heatsink may either dissipate heat at a rate that is either greater than, less than, and/or eqgual to
the armount of heat generated by the one or more heating and/or cooling elernents during
different modes of operation.

TEEI In the above emnbodiment, the flow of heat from the one or more heating and/or
cooling elements may either flow directly from the heating and/or cooling elements to the
housing and/or the heat may tlow through one or more intermediate components. For example, in
the depicted embodiment, heat may flow from the one or more heating and/or cooling elements
through oue or more components such as the controller, battery, and/or any other intermediate
component to the housing where it may be dissipated to the exterior ambient environment.
However, embodiments 1n which at least a portion of the heating and/or cooling elerments are in
direct thermal contact with the housing or other heatsink are also conteruplated.

EEIRI Y While the thermal adjustment device depicted in the above embodiment 1ncludes
a band, it should be understood that the thermal adjustment device may be incorporated into any
other appropriate type of wearable device, component, or garment as previously discussed.
Additionally, while a particular arrangement of the vartous components such as the housing, one
or more heating and/or cooling elements, controller, and battery have been depicted in the
figures, it should be understood that other constructions are also contemplated as the disclosure
is not so limited.

[6052] The thermal adjustment devices described herein may be used to apply any
number of different types of temperature profiles to a user including both cooling and/for
warming sensations to a user. One specific embodiment of a temperature profile that may be
applied to a corresponding postion of a user’s body by a thermal adjustment device during a
normal operating mode is depicted in Fig. 3. In the depicted graph, a temperature change
relative to an initial temperature of a surface is plotted versus time. For the sake of clarity, the
depicted erabodiment illustrates temperatures that are greater than a corresponding temperature

of the surface Tsurace the thermal adjustment device is disposed against (i.e. the thermal
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adjustment device provides a warming sensation). However, the current disclosure is not limited
in this fashion. For example, the thermal adjustment device may be operated to apply
temperatures that are less than a corresponding initial temperature of the swrface to provide a
cooling sensation to a user. Additionally, embodiments in which both heating and/or cooling
sensations are alternatingly applied with teraperatures both greater than and less than the initial
temperature of the surface are also contemplated.

[G053] As shown schematically in the figure, a temperature profile may have one or more
portions including a ramp profile portion and/or one or more alternating temperature profile
portions, 1.e. one or a plurality of thermal pulses. For example, the temperature profile may
comprise a first portion comprising a rarmap profile portion (regime ) and a second portion
comprising an alternating temperature profile portion (regime II} where the temperature of the
thermal adjustment device cyclically varies between at least a first higher ternperature and a
second lower temperature. However, embodiments in which a constant temperature 18 applied
during this portion of the temperatare profile are also contemplated. In some embodiments, the
alternating temperature profile portion may have an average frequency corresponding to the
number of thermal pulses applied per unit time, {1, an average temperature, Tave, and an
oscillation window, Tow. The oscillation window is the difference between the maxinmum and
minimum temperature for a given alternating temperature profile. The average temperature, Tavg,
may be equal to a time average of the temperature, and thus may change depending on if the
rates of increase and decrease of the temperature between the first higher temperature and the
second lower temperature are different and/or if there are any constant temperature portions
associated with the thermal pulses.

[6054] Again, while a particular temperature profile has been depicted in the figures and
described above for one possible normal operating mode of a thermal adjustment device, the
thermal adjustment devices described herein may be operated in any number of ways to apply
any number of different types of temperature profiles to a user. Accordingly, the current
disclosure should not be limited to any particular temperature profile for a given operating mode.
[G055] As noted previously, in some applications it may be desirable to continuously

operate a thermal adjustment device to deliver a magnitude of thermal stimulation, e.g.
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temperature change from initial skin temperature, that an associated heatsink, or other heat
dissipation system, is unable to dissipate on a continuous basis. Accordingly, in some
ernbodiments, and as shown in Figs. 4 and 5, it may be desirable to operate a thermal adjustrent
device continuously using two or more modes of operation to maintain a balance of a thermal
load generated during one or more modes of normal operation of the device and the amount of
thermal load dissipated during one or more heat dissipation modes of operation. At 200 a
thermal adjustment device moay be activated to apply a desired thermal stiroulation to an
underlying surface such as a user’s skin. Initially the skin, and a portion of the thermal
adjustment device adjacent the skin, may be at an initial first surface temperature Tsi. An
associated heatsink of the therrnal adjustment device may also be at an nitial first heatsink
temperature Tyusi which in some instances may correspond approximately to an ambient
environmental temperature the heatsink is exposed to, which depending on the ambient
environment may be greater than or less than the initial temperature of the surface. As shown in
Fig. 4, during the initial ramping portion of period A, the thermal adjustment device changes the
applied skin temperature to a second surface temperature Ts2, which in the depicted embodiment
may be lower than the first surface temperature during step 202 of Fig. 5. Once a desired
operating temperature is reached, the thermal adjustment device may finish the ramping portion
of the applied thermal profile and apply a desired thermal sensation with a desired temperature
profile for at least a first duration. The applied temperature profile may either be a constantly
applied temperature and/or a varying temperature profile as the disclosure is not so limited. Of
course, while the thermal adjustment device applies the desired thermal stimulation to a user, a
corresponding temperature of the heatsink will correspondingly change, which in the depicted
embodiment corresponds to an increasing heatsink temperature.

[3056] As shown by the transition between periods A and B in Fig. 4, the temperature of
the associated heatsink may continue to increase until an operating parameter of the system, such
as the depicted temperature of the heatsink reaches a first heatsink threshold temperature Trai, a
time duration is exceeded, and/or another appropriate threshold is met. As noted previously, this
threshold teraperature condition may he determined using any appropriate detection technigue

including direct or indirect temperature measurements, heat flux measurements, and/or power
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measurements. Once it is detected that the desired operating parameter has exceeded the
corresponding threshold at step 204, a controller of the thermal adjustroent device may proceed
to implementing a heat dissipation operating mode at steps 206 and 208 of Fig. 5.

(68571 As shown during period B of Fig. 4, the teroperature applied to the skin by the
thermal adjustment devices may be adjusted from the second surface temperatare Ts2 to a third
surface temperature Tsa for at least a second duration as shown in Period C. As depicted in the
figure, the third surface temperature may be between a teroperature of the heatsink and the
second surface temperature applied daring normal operation of the device. Specifically, n the
depicted erabodiment, the third surface temperature may be between the initial first surface
temperature and a temperature of the heatsink, such as the first heatsink threshold teraperature,
which may correspond to applying a neutral or warming thermal sensation to the user in some
embodiments. However, in another embodiment, the third surface temperature may be between
the initial first surface temperature and the second surface temperature which may correspond to
applying a neutral or reduced cooling sensation to the user. In either case, and as detailed further
below in regards to the examples, the third surface temperature may be selected such that the
heatsink dissipates the applied thermal load at step 208 of Fig. 5 and as shown by the decreasing
temperature of the heatsink in Fig. 4. Without wishing to be bound by theory, the heatsink is
able to dissipate the thermal load because the one or more heating and/or cooling elements of the
thermal adjustment device generate heat at a rate that is now less than rate at which the heatsink
dissipates the generated heat during this second operating mode leading to the decreasing
heatsink temperature observed during periods B and C. While a constant temperature profile has
been illustrated in the figure during Period C, it should be understood that a variable temperature
profile and/or thermal pulses may be applied to the surface as well.

(00581 At step 210 of Fig. 5, a controller of the thermal adjustment device may detect
that an operating parameter of the device meets a second threshold. For example, a temperature
of the heat sink may meet a second temperature threshold Tr. Thus, a second temperature
threshold of the heatsink may be between the first larger temperature threshold Tty and the third
surface temperature Tsz applied to the underlying surface during the heat dissipation mode, see

Fig. 4. In some embodiments, the second temperature threshold be set such that it is larger than
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an expected ambient temperature the device will be operated in. Once the heatsink has cooled to
the desired lower temperature, it may be determined whether or not a desired thermal stimulation
period is over at step 212 of Fig. 5. If it is determined that the device operation is over, the
device may be deactivated at 214. Alternatively, if device operation is intended to continue, a
controller of the thermal adjustment device may return to normal operation where it may apply a
desired temperature profile to the underlying surface. For example, as shown in period D of Fig.
4, the controller may adjust a teroperature applied to the surface from the third surface
temperature applied during dissipation back to the second surface teroperature Tsz, or other
appropriate temnperature, intended to be apphied during normal operation of the device.

(3359 In one implernentation of the above described embodiment, in a normal operating
mode of a device, a second terperature Ty 1s applied to the surface for a desired first duration.
As described previously, this temperature may be applied to the surface using either a constant
thermal profile and/or a variable thermal profile which may include multiple thermal pulses.
After the first duration is exceeded, or if a heatsink temperature of the device meets the first
threshold terperature described above, the normal operating mode of the device may be ended
and a thermal dissipation mode may be applied. However, if the heatsink temperature does not
reach or exceed the first threshold temperature, the device may continue to deliver the desired
temperature profile for the specified duration. During the thermal dissipation mode, the third
surface temperature Tsz and corresponding thermal profile may be applied to the surface for a
second predetermined duration while the heatsink dissipates the stored thermal load. When the
specified duration has passed, a controller of the device may determine if the heatsink
temperature is below the second threshold temperature. If the heatsink is below this threshold
temperature after the second predetermined duration has expired, the controller may switch the
device operation back to the normal operating mode to apply a desired thermal profile to the
surface using the heating and/or cooling elements of the device. If the heatsink is still above the
second threshold temperature after the specified duration, a controller of the device may delay
switching back to the normal operating mode with a desired thermal profile until that condition is

met,
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[6060] As noted previously above, in some instances, it may be desirable to apply
absolute ternperatures and rates of temperature change to a user’s skin such that a thermoneutral
sensation is experienced by the user during the transition from a normal operating mode to a
thermal dissipation operating mode of a device. This may be accomplished in a nurober of ways.
For example, the relative teroperatures and rates of temperature change of the heatsink and/or the
surface the device is in contact with may both be actively controlled during a heat dissipation
mode to provide a thermoneutral sensation to a user. However, depending on the particular
operating parameters used, it may also be possible to provide a thermoneutral sensation to a user
using rmore passive control methods as detailed below. In either case, the temperatures and rates
of temperature change applied to a surface when transitioning to, and/or during, a thermal
dissipation operating mode of a device may correspond to any appropriate combination of the
temperatures and rates of teruperature change described herein to provide a thermoneutral
sensation to a user as the disclosure is not limited to any particular combination of terperature
and/or rate of temperatare change.

(G061} In one specific embodiment, a thermoneutral sensation may be provided to a gser
by limiting an operating temperature of the heatsink of a device such that the resulting rates of
temperature change and temperature applied to a surface when transitioning between operating
maodes operation are applied slowly enough and/or are within appropriate ranges such that they
do not induce a perceptible change in thermal sensation for the user. For example, the operation
of the heating and/or cooling elements of a device may be reduced, and in some instances
stopped, by a controller of the elements when a threshold heat sink temperature T is met
and/or after a predetermined duration. The heatsink may then be permitted to exchange heat, i.e.
thermally equilibrate, with both the surrounding environment and the heating and/or cooling
elements which will result in a temperature change in the heating and/or cooling elements and
the surface they are in contact with as shown in the transition period B in Fig. 4. Assuming the
relative temperature differential between the threshold heatsink temperature T and the
temperature Ts; applied to the surface during normal operation is sufficiently small, the rate of
temperature change during thermal equilibration without actively operating the heating and/or

cooling elements may be sufficiently low to provide a relatively thermoneutral sensation to the
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user. In some embodiments, this may be viewed as permitting the temperature of the surface to
“free fall” without active control over the temperature applied to the surface during thermal
equilibration such that the thermal load applied to the heat sink is less than a rate of thermal
dissipation of the heat sink. Once the desired temperature Tss to be applied to the surface during
thermal dissipation is reached, the heating and/or cooling elerents may be appropriately
operated by the controller of the device to maintain the desired temperature and/or thermal
profile applied during period C of the device operation.

[3362] In some embodiments, the rate of temperature change of the heatsink and/or
surface may be monitored using one or more teroperature sensors during thermal equilibration.
Accordingly, if a rate of temperature change of either the heatsink and/or the surface falls outside
of the desired operating windows 150 and 152 {e.g. slower than a lower threshold rate, higher
than an upper threshold rate, greater than an apper threshold teruperature, and/or less than a
lower threshold temperatare) for a given portion of the dissipation operating mode, a controller
of the device may operate the heating and/or cooling elemeuts to control the rate of temperature
change and/or absolute temperature of the surface and/or heatsink. Thus, the device may be
permitted to thermally equilibrate passively without actively operating the heating and/or cooling
elements while the device operates within a desired set of operational boundary conditions.
However, a controller of the device may actively control this thermal equilibration process using
the heating and/or cooling elements during the transition period between the normal and thermal
dissipation operating modes to maintain the device operation within a desired operating window
to provide a desired combination of thermal sensations o a user.

[6063] The above embodiment describes permitting the temperature of a surface to “free
fall” during a transition period between a normal mode of operating a device and a thermal
dissipation mode of operating the device such that the thermal load applied to the heatsink is less
than a rate of thermal dissipation of the heatsink. However, embodiments in which the absolute
temperatures and rates of temperature change of both the heatsink and a surface the device is in
contact with are actively controlled by operating the heating and/or cooling elements of the
device during this transition period are also contemplated as the disclosure 18 not imited in this

fashion.
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(0064 While the above embodiments have been directed to a device that is operated to
apply a cooling sensation to a user with a reduced surface temperature, and a corresponding
increase in heatsink temperature, the current disclosure is not limaited to only applying cooling
sensations to a user. For example, as previously discussed, a thermal adjustment device may also
be used to apply a warming sensation which would correspond to applying increased
temperatures to the surface and reduced temperatures of the heatsink which may be less than a
temperature of the surrounding arabient environment. In such an embodiment, the thermal
adjustment device may still be operated in two or more operating modes to apply a desired
stimulation to a user in at least a first mode and dissipate the thermal load applied to the heatsink
during the second operating roode.

[(365] The above embodiments have also been described as using temperature thresholds
for selectively controlling switching between the different modes of operation. However,
ernbodiments in which different operating modes are monitored to detect when to swiich
between the different modes, and/or time thresholds are used (o switch between the different
modes, are contemplated as the disclosure 18 not so limited. For example, as previously
described, heat flux rates, temperature differentials, and/or temperatures of components other
than the heatsink may be monitored. Accordingly, it should be understood that the depicted
embodiment is only exemplary and does not restrict the current disclosure to only the depicted
temperature profiles and methods of operation.

[3866] It should be understood that the above embodiments may be implemented using
any appropriate temperatures for the various described operating modes. For example, typical
skin temperatures range from about 27°C to about 30°C. Additionally, as elaborated on further
below, cold pain perception typically begins at temperatures below about 15°C and heat pain
perception typically begins at temperatures above about 45°C. Accordingly, in some instances
where a cooling sensation is applied to a user, a temperature applied to the skin of a user may be
maintained between about 15°C and 45°C, 20°C and 40°C, or any other appropriate temperature.
Additionally, when operated in a cooling mode, the normal operating temperature may be
maintained between about 15°C and 30°C, 20°C and 30°C, 25°C and 30°C, and/or any other

appropriate temperature range. A corresponding temperature threshold of a heatsink to switch to
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a heat dissipation mode may be between 30°C and 50°C, 30°C and 40°C, 35°C and 40°C, 40°C
and 50°C, and/or any other appropriate temperature range. Additionally, a second temperature
threshold to switch back to normal operation and/or for shutdown purposes, may be between
30°C and 40°C, 30°C and 36°C, and/or any other appropriate temperature. The temperature
applied to the underlying surface during the heat dissipation mode may also be between 25°C
and 40°C. Further, when it is desired to apply a thermally neutral or less intense cooling
sensation to a user, the temperature applied to the user during the heat dissipation mode may be
between 23°C and 36°C, 30°C and 36°C, 31°C and 35°C or any other appropriate temperature
range. Of course, other appropriate temperature ranges both greater than and smaller than those
noted above may also be implemented as the disclosure is not so imited. Additionally,
ernbodiments in which a warming thermal sensation is applied to a user with corresponding
appropriate thresholds are also conternplated.

(684671 Example: Thermmal Perception

[3368] Thermal sensations on the skin (warmth or cool) are perceived through two
discrete types of sensory organs - cold and warm thermoreceptors. The relative degree of
stimulation of the nerve endings determine a person’s perception of the intensity of a thermal
sensation. The warm and cool thermoreceptors are activated in specific temperature ranges and
are each uniquely sensitive to rates of temperature change. As explained further below, it is
through the Inventors’ understanding of the unique behavior of the two types of thermoreceptors
it s possibie to determine temperature profiles that enable the manipulation of a user’s skin
temperature in such a way that it may be modulated from a noticeably cold temperature to a
temperature higher than initial skin temperature without generating meaningful sensations of
warmth. However, embodiments in which a temperature of a user’s skin is reduced from a
warmer temperature to a lower temperature without generating meaningful sensations of cooling
are also contemplated.

(88691 Figure 6 shows the temperature ranges over which cold and warm
thermoreceptors are sensitive. Specifically, the discharge frequencies of 4 types of nerve

endings in the hurnan skin, cold thermoreceptors, warmth thermoreceptors, as well as cold and
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and Guyvton, A. C. Textbook of Medical Physiology, { ith Ed. Saunders Elsevier, pp. 608, Fig. 48-

10, 2011. Fig. 6 has been included for the purposes of illustrating the overlapping ranges of cold
and warmth thermoreceptors as well as hot and cold pain perception over these temperatures. As
shown in the figure, cold thermoreceptors are most sensitive at temperatures around 25°C but
their active range spans from around 15 °C ap to over 40 °C . Below 15 °C the sensation
becomes dominated by pain receptors that are activated. Warm thermoreceptors are sensitive
from about 30 °C up to the warm pain threshold at about 45 °C. Innocuous (non-painful)
sensations of warmth are typically generated at static temperatares of about 37 °C - 42 °C.
Therefore, it should be noted that below about 30 °C, the temperature of a user’s skin may be
increased without generating sensations of warmth because the warm thermoreceptors are not
sensttive in that temperature range. Accordingly, in some embodiments, when it is desired to
mncrease the temperatare of a user’s skin daring a heat dissipation operating mode, the
temperature applied to the aser’s skin, or other underlying surface, may be ncreased at a first
average rate at temperatures below a threshold temperature and at a second average rate that is
greater than the first average rate at temperatures above the threshold temperature. For example,
due to the rate insensitivity at lower temperatures, a device may simply be permitted to thermally
equilibrate without driving the system to reduce the temperature change applied to a user’s skin
Specifically, the one or more heating and/or cooling elements of a system may simply be shut off
or driven at a reduced amount prior to the threshold temperature being applied to the user’s skin.
After approaching or meeting the threshold temperature, the system may be operated to control
the rate of temperature change applied to the user to avoid the perception of unwanted thermal
sensations as detailed above. Depending on the particular embodiment, the threshold temperature
may be between or equal to about 28°C and 32°C, 29°C and 31°C, and/or any other appropriate
threshold temperature including for example a threshold temperature of about 36°C. The rate
sensitivity for perception of warming thermal sensations for temperatures above 30°C is detailed
further below.

(00701 Even in temperature ranges where thermoreceptors are sensitive, the
thermoreceptors exhibit strong time-dependent behavior. Specifically, thermoreceptors respond

more strongly to faster rates of temperature change (i.e. increased thermal perception) and will
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adapt over time to static temperature profiles (i.e. decreased thermal perception). Therefore, a
controller of a thermal adjustment systern may control both a teroperature as well as a rate of
temperature change to provide either a cooling or neutral thermal sensation to a user while
increasing a teroperature of the user’s skin for skin temperatures greater than or equal to the
above noted threshold temperatures such as a threshold temperature of about 30 °C. For
example, both warr and cold of thermoreceptors exhibit increased firing rates if the temperature
is changing at rates greater than about 0.1 °C /s, but cold thermoreceptors exhibit a notably
heightened sensifivity to rates of temperature change compared to warm thermoreceptors.
[6071] Fig. 7 is included to illustrate the rate dependence of thermal perceptions of a

person. Further, this figure has been reproduced from Kenshalo DR, Holmes C, Wood P. Warm

and cool thresholds as a function of rate of stimulus temperature change. Percept Psychophys 3,
pp. 81-84, 1968&. The figure depicts the threshold temperature changes from a baseline skin
temperature of 31.5 °C on the dorsal surface of the forearm of three participants to detect a
warming or cooling sensation. The applied temperature changes were increased or decreased
with rates of change of 0.3 °C /s, 0.1 °C /s, 8.05°C /s, 0.02 °C /s, and 0.01 °C/s. As shown in the
figure, the determined thermal thresholds for both perceived cool and warm sensations varied
significantly according to the rate of change of the temperature applied to the user. Specifically,
Fig. 7 shows that slower rates of temperature change are associated with higher magnitude
temperature changes relative to the initial skin temperature for perception of either a cooling or
warming sensation. As shown in the figure, this rate sensitivity effect was particularly evident
for rates of temperature change lower than 0.1 °C /s and was more pronounced for the perception
of warming sensations as compared to the perception of cooling sensations. Without wishing to
be bound by theory, the perception of cooling sensations is more sensitive to rapid temperature
changes while warming sensations are less sensitive to the rate of temperature change.
Therefore, the perception of warming sensations may be more prone to adaption, i.e. lower
thermal perception, it the applied rates are sufficiently slow. Conversely, due to the increased
rate sensitivity of cold thermoreceptors, it may be desirable in some embodiments to cool a
surface from a higher warming temperature at a rate slower than that applied during warming

from a lower cooling ternperature to avoid the perception of unwanted thermal sensations.
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(00721 Adaptation to thermal sensations can occur over a wide range of temperatures,
though it is easiest in the range of temperatures that are typically observed in human skin under
arobient conditions from about 30 °C to 36 °C. In either case, by appropriately controlling the
rate of temperatare change within corresponding teroperature ranges, it roay be possible to adjust
a ternperature of a user’s skin while providing a substantially neutral thermal sensation to the
user in either the cooling and/or warming directions of temperature adjustinent. For example, this
may be especially useful when warming a user’s skin to operate a thermal adjustment device in a
heat dissipation mode where the faster rate of physiological adaptation to warming permits the
device to warm the user’s skin to temperatures greater than an initial skin temperature of the user
without geperating sensations of warmth.

(373 In view of the above, in one embodiment, when warming from a cooling
sensation, an average temperature change rate below a threshold temperature may be between or
equal to about §.5°C/s and 10°C/s, 0.5°C/s and 1°C/s, 1°C/s and 103°C/s, 5°C/s and 10°C/s,
and/or any other appropriate temperature change rate. Correspondingly, above the threshold
temperature the applied temperature change rate may be less than or equal to 1°C/s, 0.5°C/s,
0.1°C/s, 0.05°C/s, and/or any other appropriate temperature change rate. In some embodiments,
the threshold temperature may correspond to those temperatures detailed previously above.
[8074] In contrast to warming from a cooling sensation, going in the opposite thermal
direction, i.e. cooling from a higher temperature to a lower temiperature, may not be perceived in
the same manner as noted above. Specifically, due to cold thermoreceptors being active above
40°C, and the heightened rate sensitivity of cold thermoreceptors, possible perceptions of a
cooling sensation may occur during most, if not all of, a cooling process depending on the rate of
cooling applied to a person. Accordingly, when cooling from a first higher temperature to a
second lower temperature it may be desirable to maintain a relatively low rate of teraperature
change to avoid the generation of unwanted cooling sensations for a user. Appropriate rates of
temperature change during cooling may be less than or equal to 1°C/s, 0.5°C/s, 0.1°C/s,
0.03°C/s, 0.01°C/s, andfor any other appropriate temperature change rates.

(67 5] Fig. 8A 1s included for the purpose of tlustrating the thermal sensations

experienced by a person due to the interplay between the temperature a person’s skin is
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thermally adapted to and temperature changes applied to the user’ sKin relative to that adaptation

temperature. Fig. 8A is reproduced from Kenshalo, D. R. Psvchophvsical studies of temperature

sensitivity. in W, D. Neff (EQ). Conmriburions to sensory physiology. New York: Acadermic Press,

pp. 19-74, 1970. The figure is a graph that depicts temperatures that a person’s skin has
thermally adapted to versus changes from the adaptation temperature to provide a specific type
of thermal perception. For example, for temperatures between about 31°C and 35°C ternperature
changes from the thermal adaptation temperature that are less than or equal to about 0.4°C and
(.2°C produce relatively neutral thermal sensations. This is in contrast to teraperatures below
about 30°C or 31°C which may be associated with lesser or greater amounts of a cooling thermal
sensation and temperatures above about 36°C which may be associated with lesser or greater
amounts of a warming thermal sensation.

[8076] Fig. &B is a modified version of Fig. 8A with two temperature profiles Fy and F»
overlaid on the graph depicting ways to increase the temperature of a user’s skin while providing
either a reduced amount of perceived cooling and/or a neutral thermal sensation during at least a
portion of the temperature profile. The depicted temperature profiles may increase a temperature
of the user’s skin from a first cooler temperature to a target skin temperature Tsiwmy without
generating sensations of warmth by controlling the rate of temperature change which may be
related to the change from thermal adaptation of the user’s skin. Additionally, due to the skin
being less sensitive to warming sensations below about 30°C, larger temperature changes relative
to an adaptation temperature, i.¢. faster rate of temperature change, may be applied at
temperatures below about 30°C which is depicted by the differences hetween the two illustrated
temperature profiles. Of course, in addition to the above, based on the physiology of
thermosensation, there is an upper limit to the temperatures that may be applied to a user’s skin
while maintaining a neutral thermal sensation, above which the user may notice warmth
regardless of the rate of temperature change. This physiological limit has been identified to be at
temperatures above about 36 °C. Thus, in some embodiments where the temperature of a device
is increased to provide a neutral thermal sensation to a user, the teraperature applied to a user’s

skin may be maintained below about 36 °C.
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(80771 It shouid be noted that Figs. 8A and 8B do not depict a rate of temperature change
versus adaptation teroperature. Instead, they only depict a threshold temperature change at
which a subject first perceived a thermal sensation. However, larger threshold temperatures may
be associated with larger rates of temperature change, and thus these figures are informative for a
discussion of temperature profiles that may be applied to provide varions types of thermal
stimulation. Accordingly, even though not directly depicted in the figures, it should be
understood that the depicted ternperature profiles Fy and F> may have appropriate temperature
change rates selected to avoid the perception of unwanted thermal sensations, which in the
depicted erabodiment, would correspond to warming thermal sensations.

[8078] While reduced cooling sensations and/or a neutral sensation during warming of a
user’s skin has been depicted in the figure and described above, the current disclosure is not
fimited in this fashion. For example, as previously described, instances where reduced warming
sensations and/or a neutral thermal sensation may be applied to a user daring cooling of the
user’s skin from an elevated temperature are also contemplated.

(84791 Example: Balancing Heat Dissipation and Generation

(60301 An example of the various parameters that may be monitored and controlled, as
well as the resulting system behavior is provided below relative to a wearable thermal adjustment
device that includes a passive heatsink and thermoelectric module. The example includes
discussion of operating the system using successive cycles of a cooling operating mode and a
heat dissipation operating mode. Specifically, methods of controlling a device based on inputs
from various sensors in a closed-loop system are described.

(6081} Figs. 9A and 9B, depict a simplified model of a temperature adjustment device
being used to cool a person during different modes of operation including active cooling and
thermal dissipation respectively. Specifically, the model includes four layers corresponding to
the human body, a thermoelectric module, a passive heatsink, and the surrounding ambient
environment. The model is siroplified to erophasize the mechanisms relevant to the processes
and methods disclosed herein. Specifically the model is directed to managing the amount of heat
pumped into the heatsink (Quoaa) as related to the rate of heat dissipation into the environment

{Quiss). As will be discussed turther below, this balance is dictated by managing the temperature
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difference across the thermoelectric (ATtem) as it is related to the temperature difference
between the heatsink temperature and the temperature of the surrounding ambient environment
ATeny.

[6082] In general terms, during active cooling the skin teroperature Tsi is controlably
cooled to Tswcoan, which may be a fixed or variable temperature. While operating under this
active cooling condition the thermal load Quoaa is applied to the heatsink and heat is dissipated
from the heatsink at a rate Qpiss. Due to Qroaa being greater than Qpiss The heatsink teruperature
Tus increases during active cooling. When Trs reaches a defined threshold, e.g. a maximum
heatsink temperatore Tus-max, the systern may switch to the heat dissipation mode of Fig. 9B.
(33833 In Fig. 9B, the skin temperature Tsi may be increased along a thermoneuntral
temperature profile fyyuntil it is equal to a desired temperature Tsgemw. This gradually reduaces
the temperature differential across the thermoelectric module ATtem, which in turn reduces the
thermal load generated by the thermoelectric module (Jro.s. As detailed further below, the
various operating parameters may be selected such that the thermal load is less than the rate of
heat dissipation of the heatsink at this temperature. Accordingly, the heat sink temperature may
decrease until a second heatsink temperature threshold Tusggy; s reached after which the system
may simply turn off and relax back to the initial conditions and/or return to active cooling.
[6084] In developing the following model, several simplifving assumptions were made.
Specifically, the effects of thermal interface resistance were neglected by assuming the same
temperature across the thermal interfaces. In the model, the temperature of the skin (T} 18
treated the sarpe as the temperature of the cold side of the thermoelectric (Teaw), and the
temperature of the heatsink (Trs) is treated as the same as the temperature of the hot side of the
thermoelectric (Taa.

[G085] The passive heatsink may be roade from a material with high thermal
conductivity, typically alaminum, copper, or other thermally conductive material such as a
different metal, combination of metals, or thermally conductive polymers or textiles. In either
case, for purposes of the current model, it was assumed that there was perfect condaction
through the heatsink. Assuming perfect conduction means that the temperature of the surface of

the heatsink (Tsur) was assumed to be the same as the temperatare of the heatsink (Trs), which is
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the same as the temperature of the hot side of the thermoelectric (Tua). However, in reality, the
temperature of the surface of the heatsink will depend on the geometry of the heatsink and how
that relates to local rates of thermal dissipation and conduction.
[6086] The current model also ignores the adaptive behavior of the human body in
response to localized cooling. However, in reality, the thermoal properties of the human body are
locally modulated through vasoconstriction and vasodilation in response to localized heating
and/or cooling. Therefore, this model does not take into account the complex and adaptive
thermal properties of the human body itself which do not have a large impact on the
method/process disclosed. In some embodiments though, the physiological behavior of the
human body may be accounted for in the selection (or modalation) of the skin temperature
during active cooling.
(80871 As shown in the figure, during thermoelectric cooling, external power {(Prpm) may
be provided to the thermoelectric module to drive a heat flux ({Jcoa) from the cold side of the
thermoelectric to the hot side. (Qcoor 15 the heat that is pumped through the heatsink and
corresponds to a combination of competing processing including Peltier cooling that removes
heat from the human body as well as the Thompson effect which is small and may be ignored,
heat conduction from the hot side to the cold side of the thermoelectric, and Joule heating. Prem
18 the power provided to the thermoelectric module to move heat from the skin to the heatsink.
This power is then converted into waste heat, which adds to the thermal load transmitted to the
heatsink (Qreaa). Therefore, the thermal load on the heatsink may be the sum of the heat moved
froma the skin to the heatsink and the power required to do so, see equation below and the
corabined heat flow arrows in Fig. 9A.

Qioad = Qoo + Prem
[G088] Fig. 9A depicts an operating mode in which the thermal load applied to the
heatsink Qpoad 18 greater than the heat dissipation rate of the heatsink Qpiss. Such an operating
mode may occur during active cooling as shown in the figure. This imbalance in thermal load
and dissipation rate leads to an increasing temperature differential across the thermoelectric
ATrem due to the increasing heatsink temperature Tas. As noted previously, thermoelectric

materials are less efficient as the temperature difference across the thermoelectric increases.
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Therefore, the efficiency of the thermoelectric module will decrease as the temperature
differential ATrem increases which will increase the thermal load applied to the heatsink. Thus,
this operating mode may result in a positive feedback loop that leads to the heatsink increasing in
temperature even when a constant temperature is applied by the system. This type of behavior
presents a control challenge because, as presented in more depth below, the rate of thermal
dissipation of the heatsink also increases with increasing heatsink teroperature.
[(089] A passive thermally conductive heatsink dissipates heat into the stirounding
environment {Qupiss) through a combination of natural convection and radiative cooling.

QDiss = Q(‘,mwec[ion + QRadiatiﬂn
R Which thermal dissipation process is dominant, however, depends strongly on the
georelry, material selection, temperature of the heatsink, and specific environrent of the
heatsink. If it is assumed that the environmental temperature remains fixed, the rate of thermal
dissipation increases with Tus. Specifically, thermal dissipation associated with natural
convection increases linearly with a temperature difference between the heatsink and
temperature of the environment AT and radiative cooling increases as a difference between
Tus® and Tg.*. Therefore, the precise relationship between Qpis and the heatsink temperature
will depend strongly on the design of the heatsink and the environment the heatsink is located in.
(6091} Having described the various operating parameters that are applicable to the
current model, operation of a system during the active cooling and heat dissipation modes of
operation shown in Figs. YA and 9B is described further below respectively.
(80927 Referring to Figure 9A, when the device is worn but not turned on, the heatsink
temperature (Trsain), 15 somewhere between the initial skin temperature (Tagg) and the
environmental temperature (Teww). When the systern is turned on a teroperature sensor on the
cold side of the thermoelectric may provide feedback to a PID control systern that modulates
Prev such that the user’s skin is cooled from the mitial skin temperatare Ty to a second
cooler temperatare Tswcoon. This process is labelled (A) in Fig. 9A. Imitially during active
cooling, the thermal load on the heatsink ((Qro.q) is much greater than the rate of thermal
dissipation {Qpiss) because the heatsink temperature Trs 1s similar to the environment

temperature Tenv. Therefore, as shown by the relative sizing of the arrows, the thermal load
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applied to the heatsink Qioaa 18 greater than the thermal dissipation rate Qs which causes the
heatsink teroperature Trs to gradually increase . As Tys continues to increase, labelled (B) in
Figure 94, the heat dissipation rate Qoiss, power applied to the thermoelectric Pyeu, and heat
transterred from the user’s skin to the heatsink Qroaq all increase as well. Therefore, the system
i5 both consuming and dissipating more power as a result of the elevated heatsink temperature.
For most wearable thermoelectric systems, this positive feedback loop leads to continually
increasing Tas until a maximuro ATrev of the thermoelectric 18 reached, determined by the
thermoelectric module and the available power. In conventional operation, the device is typically
shut off or removed from the body before this temperature 1s reached. Alternatively, depending
on the environmental conditions and the design of the heatsink, it may be possible that at some
elevated heatsink temperature the thermal load the heatsink and the dissipation rate may be equal
permitting steady-state operation of the system at an elevated temperature. However, even if
such a condition were to occur, maintaining a desired thermal sensation applied to a user when
shutting down the system would still be a challenge and may benefit from implementation of the
methods and systems disclosed herein.

(86931 It is worth emphasizing that, while the increase in Tys may drive the increase in
ATtem and ATpis, the heat dissipation rate from the passive heatsink (Jpiss may be a controlling
parameter in the heat transfer process that dictates the rate at which the temperature of the
heatsink increases. However, Qpiss depends, on environmental conditions that are regularly
changing during the use of a wearable thermoelectric system. Therefore, the heat dissipation
method described relative to Fig. 9B below may also take into account the rate of thermal
dissipation into the environment from the heatsink during operation in addition to taking into
account the armount generated during operation in order to successfully cool the heatsink to a
desired operating temperature.

(3394 As noted above, during active cooling, which may correspond to a normal
operating mode of a wearable thermoelectric system with a passive heatsink, the thermal load
applied to a heatsink may be greater than the rate of thermal dissipation from the heatsink (i.e.
Qroad > Qiss) and the corresponding heatsink temiperature may be greater than the initial heatsink

temperature (i.e. Tus > Tusmin) due to the considerable excess heat stored in the heatsink.
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However, as detailed further below relative to Fig. 9B, if the heatsink temperature and
temperature difference across the thermoelectric module are appropriately controlled, it may be
possible to dissipate the heat accamulated in the heatsink and return the system to steady state
operation at a lower heatsink teroperature. Further, as described above, this process may be
conducted while providing either reduced cooling sensations and/or a neutral thermal sensation
to a user without requiring that the device be removed from the body to cool down.
[(095] Fig. 9B ilustrates an operating mode for dissipating thermal energy from the
heatsink while maintaining a desired temperature applied to a user of a thermal adjustroent
device including a passive heatsink. As shown in the figure, during process {C) the skin
temperature Tse may be increased to a warmer skin temperature Tservy from the active cooling
set point Tskcoony along a temperature profile frw, which may be a function of skin temperature
versus time, and in some embodiments, may be a neutral thermal sensation profile as previously
described. This increased skin temperature corresponds to a decreased temperature differential
across the thermoelectric material ATrTem and may be selected such that the thermal load applied
to the heatsink is less than the thermal dissipation rate the of the heatsink (i.e. Quroad < (piss)
which may still be large due to the elevated heatsink temperature. During process (D) the
heatsink temperature Tas begins to decrease towards a desired steady state operating temperature
ThsEg which may be greater than the temperature applied to the skin during thermal dissipation.
Due to the thermoelectric material’s efficiency increasing with the decreased temperature
differential, this may initiate a negative feedback loop that enables complete thermal discharge of
the heatsink to a desired threshold state while maintaining a desired teroperature applied to the
skin of a user.
(30967 In view of the above, a condition for successful thermal dissipation of a systern
may be simply stated as;

When Tsi = Taerny, Qroad < Qoiss
(3971 Accordingly, restating the above successtul thermal dissipation of a heatsink may
occur when the temperature applied to the skin by a thermal adjustment device is raised to the
appropriate operating temperature such that the temperature differential across the thermoelectric

{ATrem = Tus - Tsw) has been sufficiently reduced such that the thermal load applied to the
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heatsink, Qrosa, which may be a function of the temperature differential, is less than the thermal
dissipation heatsink Qpiss. If these conditions are roet then the heatsink temperature may begin to
decrease initiating the above noted negative feedback loop that permits the thermal system to
relax to a desired operating ternperature. The process is the reverse of the positive feedback loop
observed during active cooling and may be continued until the heatsink temperature i equal to
the skin temperature applied, or other desired temperature, during this thermal dissipation of
operation (i.e. Tus = Tsr = Tawerny), at which point ATvwem = 0 and Prev = 0. At this point, the
close-loop thermoelectric device has effectively turned itself off while maintaining a desired skin
temperature. Therefore, without any additional power provided to the system, the thermoelectric
cooling system may be allowed to continue to relax, until it has returned to its initial state
{Tsxmin, THsmin). Alternatively, the system may be returned to a normal operating mode such as
active cooling as previcusly described.
(098] Based on the above framework, it is also possible to define operating limits for
the thermal dissipation of a system operated in manner described hergin. Specifically, if the
relationship between the heatsink temperature and the temperature applied to the skin during
thermal dissipation properly balanced it may lead to the following condition:

When Tsi = Tsirny, Qroad 2 Opiss
[6099] Restating the above, in some operating modes a temperature applied to the skin by
a system may result in a temperature differential across a thermoelectric material such that
thermal load applied to the heatsink may be greater than or equal to the thermal dissipation rate
of the heatsink which may cause the heatsink temperature to either reruain constant (Qpoad =
Qniss) or continoe o merease (Qroad > Qniss). Therefore, an upper himit for the heatsink
temperature may be defined at the point at which the thermal load is equal to the thermal
dissipation rate frorm the heatsink temperature for a given temperature applied to the skin of a
user during thermal dissipation Tas (i.e. Qroad = Qpiss when Tse = Tsyrny). This ternperature may
be referred to as Tasmay in Fig. 9A and 9B because the thermal load on the heatsink is balanced
with the rate of thermal dissipation into the environment. Therefore, a thermal adjustment device
may be capable of dissipating heat {from the heatsink, and/or may operate continuously, so long

as the heatsink temperatare Trs remains conservatively below Tasman.
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[00100] As discussed previously, the rate of thermal dissipation into the environment,
Qbiss, 18 very sensitive to environmental conditions and these conditions are not actively
controlled with a passive heatsink. However, the disclosed systems are capable of precisely
controlling the temperature applied to the skin of a user and thus may modulate the heatsink
temperature. However, it is challenging in practice to know Qpiss o1 what the appropriate Tasman
is at any given tirne. Therefore, to enable the thermal dissipation of a heatsink, several possible
operating methods may be applied.

[BGigi] In one embodiment, conservative assamptions may be made about the range of
environmental conditions that a thermal adjustment device incloding a passive heatsink may be
operated in. If the system is meant to be operated within a defined range of environrental
conditions, then 2 maximum allowed heatsink temperature, Tus-max, may be defined such that
when the heatsink temperature is equal to the maximum allowed heatsink temperature (i.e. Tus =
Tus-max) the system may switch from normal operation, such as a cooling mode, to a thermal
dissipation operating mode in which the skin temperature of the user is adjusted to the desired
temperature to enable thermal dissipation of the heatsink. Such a method may be advantageous
in that it is (i) straightforward to implement and (i) relatively robust under the desired range of
operating conditions. However, possible disadvantages may include (i) unnecessarily Himiting the
amount of active cooling that can be provided at a given time, and (ii) the thermal dissipation of
the heatsink may fail if the local environment of the thermal adjustment device is sufficiently
outside the expected operating conditions such that the heat dissipation rate of the heatsink is
much less than the expected range of values.

1661021 In another embodiment, the rate of temperature change of the heatsink (dTus/dt)
may be used to estimate the instantaneous value of Qpis, and may be easily measured using a
number of different types of temperature sensors. Without wishing to be bound hy theory, the
rate of heatsink temperature increase 1s related to the ratio of the difference between the thermal
load applied to the heatsink Qroad and the rate of thermal dissipation Qpiss with the heat capacity

of the heatsink (Cus)

dTas/dt = {(Qrcad - Qbiss ¥Cus
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[00103] The heat capacity of the heatsink, Cus, is a fixed material property that is
straightforward to calculate or measure for a given heatsink. Leveraging the above relationship,
the rate of terperature change and the thermal load applied to the heatsink may be used to
estimate Qpiss at any given time, overcoming the many corplications associated with

environmental variability, radiative cooling, and natural convection. The temperature applied to

g,
the skin, and corresponding heatsink temperature may then be controlled appropriately to
provide the desired relationship between the thermal load applied to the sink and the thermal
dissipation rate to permit the heatsink to dissipate the stored heat and relax to a desired lower
operating termperature.

[00184] Qroad may be determined in a number of different ways depending largely on
what additional information is being monitored or collected by the system during operation. As
noted previously, the thermal load applied to a heatsink (Jro0.q may be equal to the power
provided to the thermoelectric module Prey and the heat transfer across the thermoelectric model
from the skin of a user to the heatsink Qroo. Each of these three terms can be either directly
measured by the system or indirectly approximated based on other system information. For
example, in one embodiment, a heat flux sensor may be integrated at the interface between the
thermoelectric and the heatsink to provide direct measurement of Qreaa. In another embodiment,
the power electronics of a system may be designed to allow for direct measurement of the power
being provided to the thermoelectric Prey through some combination of the voltage across the
thermoelectric module (V1em), the current provided to the thermoelectric module (Item), and the
resistance of the thermoelectric module (Rrenm). In vet another embodiment, the relevant
subcomponents of Prav (V1em, Trem, Ryev) could be estimated without direct measurement to
provide an estimate of Prem. For instance, Vrew may be approximated based on knowledge of
the power supply being used to drive the thermoelectric, and Ryew may be approximated based
on knowledge of the properties of the thermoelectric module and ATwev, as measured by
temperature sensors. In still another embodiment, a closed-loop PID control system may
modulate power to a thermoelectric using pulsed-width modulation (PWM) with a duty cycle

that can be used to approximate Item which may be taken in combination with known or



WO 2019/152172 PCT/US2019/013348

- 37 -

estimated Rrev and Vtew of the system to estimate Prev. It may also be desirable in some
embodiruent to sitoply directly measure Qcoo using a heat flux sensor integrated at the interface
between the thermoelectric and the skin. It may also be possible to approximate Qcoq based on
the known properties of the specific thermoelectric module being used combined with
knowledge of ATvav and an estimate or measurement of Prem.

[801857 In addition to the above, a maximum heatsink temperature, which may correspond
to a threshold temperature for jnitiating heat dissipation, may be determined based on the
expected thermal load applied to the heatsink when the heatsink is at the maximum heatsink
temperature and the thermal adjustinent device 1s applying a desired temperature to the skin for
heat dissipation purposes including, for example, a temperature greater than that applied during a
normal cooling operation. In the above described methods, the skin temperature may be held
constant during thermal dissipation. Therefore, the thermoelectric is not actively cooling the
skin but just maintaining a particular temperature difference across the thermoelectric which may
be equal to the difference between the heatsink temperature and temperature applied to the skin
(i.e. ATtem = Trsmax - Tswmn). Therefore Qeoor 1S negligible compared to Prav and the thermal
load applied to the sink may be assumed to be approximately equal to the power input to the
thermoelectric. As noted above, the power input to the thermoelectric module Prem{ATTeEM} may
be determined based on the known properties of the thermoelectric module. This may then be
used such that for a given thermal dissipation rate Qpiss and applied skin temperature during heat
dissipation Tsuerny, it 18 possible to define 2 maximum heatsink temperature Tusvax such that the
thermal load applied to the heatsink 18 less than the thermal dissipation rate fromo the heatsink
(.e. QLrJafJ < QDiss)~

801867 Based on the forgoing, a maximuom heatsink temperature, or threshold
temperature, for switching to a heat dissipation operating mode may either be a predetermined
threshold value or it may be dynamically determined based on the determined rate of temperature
change of the heatsink and other relevant operating parameters of the systern. Of course, in
either case, the system may include a factor of safety to ensure that determined maximum
permitted heatsink temperature does not exceed an absohite maximum heatsink temperature that

permits the system to dissipate heat and relax to a desired lower temperature.
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[00167] The above embodiments have been primarily described as being a function of
heatsink teroperature and thus the heat dissipation rate Qpiss. However, embodiments in which
different control strategies are implemented to appropriately control and halance the various
temperatures and thermal loads are also contemplated. For example, as previously noted, in
another embodiment the duration of normal operation, such as active cooling, and/or the duration
of thermal dissipation may he set for fixed durations that are chosen based on assurnptions about
the operating conditions of the system to keep a heatsink temperature below a maxiroum
permissible heatsink temperature to permit thermal dissipation as described above. In some
instances, the tirning cycle may be interrupted if temperatures of a heatsink greater than those
expected are reached including for example, a temperature of the heatsink reaching a predefined
maximum threshold termperature. In such an instances, the device may then switch to a thermal
dissipation operating mode.

[60108] Example: Thermal Dissipation and Relaxation of a Heatsink

100109 A thermal adjustment device was used to conduct both successful and
unsuccessful thermal dissipations of an associated heatsink. The experimental system was
similar to the embodiments described herein and included a thermoelectric module, multiple
temperature sensors, a passive heatsink, a power supply, and a closed-loop control system for
generating precise skin temperature profiles while managing the temperature of the heatsink.
The passive heatsink was made from machined 6063 aluminum alloy with a specific heat
capacity of 0.9 J/g -°C and thermal conductivity of 200 W/m-K. The thermoelectric module was
mounted to the aluminum alloy heatsink using thermally conductive epoxy. The outer surface
area of the heatsink was 26 cm”. Based on ANSYS sinwilations, the figure of merit for the
heatsink was between 20-30 °C/W under arnbient temperatures between 20-40 °C with only
buoyancy-driven airflow. The custom thermoelectric module had the following metrics
presented in Table I below which were measured at a temperature of 27 °C at the hot side of the

thermoelectric mmodule under nitrogen at | atm.
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Figure of Mernt Value (Nitrogen, 1 ATMD

Vamax (V) 14

ATvax CC) 57

Ivax (A) 2

Qmax (W) 18

AC Resistance (Ohm) 6.1

1001101 Two thermistors were used to monitor the skin and heatsink temperatures. The

thermistors were negative temperature coefficient resistors that were surface mounted onto the
inside of the ceramic plates on both sides of the thermoelectric module. This allowed for precise
control of the applied skin temperature Tsyn and monitoring of the heatsink temperature Tus as
well as accurate monitoring of the temperature differential across the thermoelectric module
ATtem. The devices were positioned on the inside of the subject’s forearm during testing.
(00111} Figs. 10A-12B depict plots of heatsink temperature, skin temperature, and the
thermal sensations experienced by a user during different methods of cooling down a heatsink
from an elevated ternperature. Specifically, after a period of active cooling by the wearable
thermoelectric system different control methods were implemented to cool the heatsink and the
resulfing temperatures and thermal sensations experienced by the user were observed.

[00112] Figs. 10A and 10B depict the operation of a system with no control over the
temperature applied to the skin of the user during cooling of the heatsink. Prior to shutdown, the
applied skin temperature Teo was 1mtially 25 °C and the heatsink temperature Tas was initially 45
“C. To illustrate the problem of continuing to wear a thermoelectric system that has been
operated for a period of time, power to the system was shut off without controlling the
temperature of the thermoelectric module during thermal equulibration of the system. The
sensation plot iHlustrates noticeable sensations of warmth as the temperature applied o the skin
quickly equilibrates to a temperature of about 34 °C - 35 °C while the heat sink continues to

dissipate heat into both the environment and the user’s body.
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[00113] Figs. 11 A and 11B correspond to a successful cooling of a wearable
thermoelectric system that is cooled while controlling the temperature applied to the skin of the
user. Specifically, after a period of active cooling the skin temperature Tsi was 26 °C and the
heatsink teroperature Trs was 42 °C. The applied skin temperature was then lincarly increased at
a rate less than 0.1 °C /5 to second higher skin temperature of 32 °C. As illustrated by the
thermal sensation profile, this resulted in the user experiencing a substantially neutral thermal
sensation as compared to the warm and hot sensations experienced during cooling of the sink
without controlling the skin temiperature applied to the user. Additionally, the combination of
conditions of the heatsink and applied skin temperature resulted in conditions corresponding to a
closed-loop systemnn where the rate of heat dissipation is greater than the thermal load applied to
the heatsink {.e. Quiss > Qroad). Thus, the heatsink temperature Tas continued to decrease
throughout the monitored time without generating noticeable sensations of warmth for the user.
(63114 Figs. 12A and 12B correspond to an unsuccessful cooling of a wearable
thermoelectric system that is cooled while controlling the temperature applied to the skin of the
user. Specifically, after a period of active cooling the skin temperature T was 28 °C and the
heatsink temperature Tus was 45 °C. The temperature was then increased to a skin temperature
of 30 °C at a rate that resulted in only neutral thermal sensations being observed by the user.
However, in this case the resulting heatsink temperature exceeded the heatsink temperature that
permitted appropriate balancing of the rate of heat dissipation by the heatsink and heat
generation by the thermoelectric module (i.e. Thus > Tusman). Accordingly, during the
temperature equilibration process, the heatsink temperature initially decreased unti] the rate of
heat dissipation by the heatsink was equal to the heat generated by the thermoelectric module
(i.e. Qiss = Qroaa) for the applied skin temperature. However, the heatsink temperature did not
decrease any further. It is expected that if a higher skin temperature were applied, it would have
been possible to appropriately cool the heatsink. This confirms the importance of appropriately
balancing the rate of dissipation from the heatsink and the rate of heat generation from a
thermoelectric module.

80115 The above-described embodiments of the technology described herein can be

implemented in any of numerous ways. For example, the embodiments may be implemented
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using hardware, software or a combination thereof. When implemented in software, the software
code can be executed on any suitable processor or collection of processors, whether provided in a
single device or distributed among multiple devices. Such processors may be implemented as
integrated circuits, with one or more processors in an integrated circuit component, including
cornmercially available integrated circuit components known in the art by naroes such as CPU
chips, GPU chips, microprocessor, microcontroller, or co-processor. Alternatively, a processor
may be implemented in custorn circuitry, such as an ASIC, or semicustorn circuitry resulting
from configuring a programmable logic device. As yet a further alternative, a processor may be
a pottion of a larger circuit or semiconductor device, whether commercially available, serni-
custom or custom. As a specific example, some commercially available microprocessors have
multiple cores such that one or a subset of those cores may constitute a processor. Though, a
processor may be implemented using circuitry 1o any suitable format.

[G0116] Further, it should be appreciated that a controller or other computing device used
to implement the systems and methods described herein may be ermnbodied in any of a number of
forms, such as an integrated processor, a rack-mounted computer, a desktop coroputer, a laptop
computer, or a tablet computer. Additionally, a controller or computing device may be
embedded in a device not generally regarded as a computing device but with suitable processing
capabilities, including a Personal Digital Assistant (PDA), a smart phone or any other suitable
portable or fixed electronic device capable of implementing the methods described herein.
(001171 Also, a systems described herein may include one or more input and output
devices. These devices can be used, among other things, to present a user interface. Examples
of output devices that can be used to provide a user interface include printers or display screens
for visual presentation of output and speakers or other sound generating devices for audible
presentation of cutput. Examples of input devices that can be used for a user interface include
keyboards, mice, touch pads, touch screens, gesture recognition modules (e.g. IM1’s), and
digitizing tablets. As another example, a system may receive input information through speech
recognition or in other audible format.

[B0118] Also, the various methods or processes outlined herein may be coded as software

that is executable on one or more processors that employ any one of a variety of operating
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systems or platforms. Additionally, such software may be written using any of a number of
suitable prograroming languages and/or progranmuming or scripting tools, and also may be
comapiled as executable machine language code or intermediate code that is executed on a
framework or virtual machine.

[60119] Tu this respect, the embodiments described herein may be embodied as a computer
readable storage medium (or roultiple computer readable media) (e.g., a computer memory, one
or more floppy discs, compact discs (CD), optical discs, digital video disks (DVD), magnetic
tapes, {lash mernories, circuit configurations in Field Programmable Gate Arrays or other
semiconductor devices, or other tangible computer storage medium) encoded with one or more
programs that, when execuated on one or more computers or other processors, perform methods
that implement the various embodiments discussed above. As is apparent from the foregoing
examples, a computer readable storage medium may retain information for a sufficient time to
provide computer-executable instructions in a non-transitory form. Such a computer readable
storage mediur or media can be transportable, such that the program or programs stored thereon
~an be loaded onto one or more different compaters or other processors to implement various
aspects of the present disclosure as discussed above. As used herein, the term “computer-
readable storage medium’” encompasses only a non-transitory computer-readable medium that
can be considered to be a manufacture (i.e., article of manufacture) or a machine. Alternatively
or additionally, the disclosure may be embodied as a computer readable medium other than a
computer-readable storage medium, such as a propagating signal.

[64126] The terms “program’” or “software” are used herein in a generic sense to refer to
any type of computer code or set of computer-executable instructions that can be employed to
program a computer or other processor to implement various aspects of the present disclosure as
discussed above. Additionally, it should be appreciated that according to one aspect of this
embodiment, one or more computer programs that when executed perform methods of the
present disclosure need not reside on a single computer or processor, but may be distributed in a
modular fashion amongst a number of different computers or processors to implement various

aspects of the present disclosure .
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(00121} Computer-executable instructions may be in many forms, such as program
modules, executed by one or more computers or other devices. Generally, program modules
include routines, programs, objects, components, data structures, ete. that perform particular
tasks or implernent particular abstract data types. Typically the functionality of the program
modules may be combined or distributed as desired 1n various embodiments.

[00122] Also, data structures may be stored in computer-readable media i any suitable
form. For simplicity of illustration, data structures may be shown to have fields that are related
through location in the data structure. Such relationships may likewise be achieved by assigning
storage for the fields with locations in a computer-readable medium that conveys relationship
between the fields. However, any suitable mechanism may be used to establish a relationship
between information in fields of a data structure, including through the use of pointers, tags or
other mechanisms that establish relationship between data elements.

[G(123] Some actions are described as taken by a “user.” It should be appreciated that a
“user” need not be a single individual, and that in some embodiments, actions attributable to a
“user” may be performed by a team of individuals and/or an individaal in combination with
computer-assisted tools or other mechanisms.

[64124] While the present teachings have been described in conjunction with various
embodiments and examples, it is not intended that the present teachings be limited to such
embodiments or examples. On the contrary, the present teachings encompass various
alternatives, modifications, and equivalents, as will be appreciated by those of skill in the art.

Accordingly, the foregoing description and drawings are by way of example only.
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CLAIMS
What is claimed is:
1. A device for manipulating a temperature of a surface comprising:

at least one heating and/or cooling element constructed and arranged to be
disposed adjacent the surface;

a heatsink mn thermal communication with the at least one heating and/or cooling
element and an external environment of the device; and

a countroller in electrical communication with the at least one heating and/or
cooling element, the controller contfigured to cause the at least one heating and/or cooling
element to apply a first temperatore to the surface with a first teraperature profile during a
first operating mode, and wherein the controlier is configured to cause the at least one
heating and/or cooling element to apply a second temperature to the surface with a
second temperature profile during a second operating mode, wherein the second
temperature is between the first temperature and a temperature of the heatsink and the

heatsink dissipates a thermal load while the second temperatire is applied to the surface.

2. The device of claim 1, wherein a rate of heat generated by the at least one heating and/or
cooling element when the second temperature is applied to the surface is less than a rate of heat
dissipation from the heatsink.

3, The device of claim 1, wherein the controlier is configured to cause the at least one
heating and/or cooling element to change the first temperature to the second temperature at a rate

between or equal to 0.01°C/s to 1.0°C/s during at least a portion of the temperature change.

4. The device of claim 3, wherein the second temperatare is between 30°C and 36°C.

3. The device of claim 1, wherein the second temperature is between an initial temperatare

of the surface and the teruperature of the heatsink.



WO 2019/152172 PCT/US2019/013348

- 45 -
6. The device of claim 1, wherein the second temperature is between an initial temperature
of the surface and the first terperature.
7. The device of claim 1, wherein the controlier is configured to cause the at least one

heating and/or cooling element to apply the second temperature to the surface after detecting that

the temperature of the heatsink has exceeded a first threshold temperature.

8. The device of claim 7, wherein the controlier is configured to cause the at least one
heating and/or cooling element to apply the first temperature profile (o the surface after detecting
that the temperature of the heatsink is less than a second threshold temperature that is lower than

the first threshold temperature.

9. The device of claim 1, wherein the controlier is configured to switch the at least one
heating and/or cooling element from the first operating mode to the second operating mode after
a first duration and/or when the temperature of the heatsink is greater than a first threshold
temperature, and wherein the controlier is configured to switch the at least one heating and/or
cooling element from the second operating mode to the first operating mode after a second
duration and the temperature of the heatsink is less than a second threshold temperature that is

less than the first threshold temperature.

10. The device of claim 1, wherein the heatsink is a passive heatsink.
i1 The device of claim 1, wherein the controlier is configured to cause the at least one

heating and/or cooling element to actively cool the surface.

12. The device of claim 1, wherein the at least one heating and/or cooling element i1s a

thermoelectric.
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13. The device of claim 1, wherein the controlier is configured to cause the at least one
heating and/or cooling element to change the first temperature to the second temperature at a first
average rate at temperatures below a threshold temperature and at a second average rate that is

less than the first average rate at teroperatures above the threshold temperature.

14. A method for manipulating a temperature of a surface, the method comprising:
applying a first temperature (o the surface with a first termperature profile;
applying a second teruperature to the surface with a second temperature profile;

and
dissipating heat from a heatsink while the secound temperature is applied to the
surface, wherein the second temperature is between the first temperature and a

temperature of the heatsink.

15. The method of claim 14, further comprising maintaining a rate of heat generation less
than a rate of heat dissipation from the heatsink when the second temperature is applied to the

surface.

16. The method of claim 14, wherein a rate of change from the first temperature to the
second temperature is between or equal to 0.01°C/s to 1.0°C/s during at least a portion of the

temperature change.

17. The method of claim 16 wherein the second temperature is between 30°C and 36°C.
18. The method of claim 14, wherein the second temperature 1s between an initial

temperature of the surface and the temperature of the heatsink.

19. The method of claim 14, wherein the second temperature is between an initial

temperature of the surface and the first temperature.
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20. The method of claim 14, further comprising detecting that the temperature of the heatsink
has exceeded a first threshold temperature, wherein the second teraperature is applied to the
surface after detecting that the temperature of the heatsink has exceeded the first threshold

temperature.

21 The method of clairn 20, further comprising detecting that the temperature of the heatsink
is less than a second threshold temperature that is lower thaun the first threshold temuperature, and
applying the first temperature to the surface after detecting that the ternperature of the heatsink is

less than the second threshold temperature.

22. The method of claim 14, further comprising switching from the first temperature profile
to the second temperature profile after a first duration and/or when the temperature of the
heatsink is greater than a first threshold temperature, and switching from the second temperature
profile to the first temperature profile after a second duration and the temperature of the heatsink

is less than a second threshold temperature that is less than the first threshold temperature.

23. The method of claim 14, wherein the heatsink is a passive heatsink.
24. The method of claim 14, wherein the first temperature is less than an initial temperature

of the surface.

25, The method of claims 14, further comprising applying the first and second temperatures

to the surface with a thermoelectric,

26. The method of claim 14, wherein the first temperature is changed to the second
temperature at a first average rate at temperatures below a threshold temperatare and at a second
average rate that is less than the first average rate at temperatures above the threshold

temnperature.
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27. A method for manipulating a temperature of a surface, the method comprising:
cyclically applying at least first and second modes of operation to apply thermal
stirmulation to the surface, wherein:

the first operating mode includes applying a first teroperature to the
surface with a first temperature profile while generating heat at a first rate
of heat generation and dissipating heat with a heatsink with a first rate of
heat dissipation, wherein the first rate of heat dissipation is less thau the
first rate of heat generation; and

the second operating ruode includes applying a second temperature
to the surface with a second temperature profile while generating heat at a
second rate of heat generation and dissipating heat with the heatsink with a
second rate of heat dissipation, wherein the second rate of heat dissipation

is greater than the second rate of heat generation.

28. The method of claim 27, wherein a rate of change from the first temperature to the
second temperature is between or equal to 0.01°C/s to 1.0°C/s during at least a portion of the

temperature change.

29. The method of claim 28, wherein the second temperature is between 30°C and 36°C.
30. The method of claim 27, wherein the second temperature is between an initial

temperature of the surface and the teroperature of the heatsink.

31, The method of claim 27, wherein the second temperature 1s between an initial

temperature of the surface and the first temperature.

32. The method of clairn 27, further comprising detecting that a temperature of the heatsink

has exceeded a first threshold temperature, and switching from the f{irst operating mode to the
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second operating mode after detecting that the temperature of the heatsink has exceeded the first

threshold temperature.

33. The method of clairn 32 further comprising detecting that the temperature of the heatsink
i5 less than a second threshold temperature that is lower than the first threshold temperature, and
switching from the second operating mode to the first operating mode after detecting that the

temperature of the heatsink is less than the second threshold temperature.

34. The method of claim 27, further comprising switching from the first operating mode to
the second operating mode after a first duration and/or wheu a temperature of the heatsink is
greater than a first threshold temperature, and switching from the second operating mode to the
first operating mode after a second duration and the temperature of the heatsink is less than a

second threshold temperature that is less than the first threshold temperature.

35. The method of claim 27, wherein the heatsink s a passive heatsink.
36. The method of claim 27, wherein the first temperature is less than an initial termperature

of the surface.

37. The method of claims 27, further comprising applying the first and second temperatures

to the surface with a thermoelectric,

38. The method of claim 27, wherein the first teroperature is changed to the second
temperature at a first average rate at temperatures below a threshold temperature and at a second
average rate that is less than the first average rate at temperatures above the threshold

temnperature.
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39. A device for manipulating a temperature of a surface comprising:
at least one heating and/or cooling element constructed and arranged to be
disposed adjacent the surface;
a heatsink in thermal cominunication with the at least one heating and/or cooling
element and an external environment of the device; and
a controller in electrical comununication with the at least one heating and/or
cooling element, the controller configured to cause the at least one heating and/or cooling
element to cyclically apply at least first and second operating modes to apply thermal
stimulation to the surface, wherein:
during the first operating mode the controller is configured to cause the at
least one heating and/or cooling element to apply a first temperature to the surface
with a first temperature profile while generating heat at a first rate of heat
generation and dissipating heat with the heatsink with a first rate of heat
dissipation, wherein the first rate of heat dissipation is less than the first rate of
heat generation: and
during the second operating mode the controlier is configured to cause the
at least one heating and/or cooling element to apply a second temperature o the
surface with a second temperature profile while generating heat at a second rate of
generation and dissipating heat with the heatsink with a second rate of dissipation,
wherein the second rate of dissipation is greater than the second rate of

generation.

40. The device of claim 39, wherein the controller 15 configured to change the first

temperature to the second temperature at a rate between or equal to 0.01°C/s to 1.0°Cls.

41. The device of claim 40, wherein the second temperature is between 30°C and 36°C.

42. The device of claim 39, wherein the second temperature is between an initial temperature

of the surface and the teruperature of the heatsink.
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43. The device of claim 39, wherein the second ternperature is between an initial temperature
of the surface and the first terperature.
44. The device of claim 39, wherein the controller is configured to apply the second

operating mode after detecting that a teraperature of the heatsiok has exceeded a first threshold

temnperature.

45. The device of claim 44, wherein the controller is configured to apply the {irst operating
mode after detecting that the temperature of the heatsink is less than a second threshold

temperature that is lower than the first threshold temperature.

46. The device of claim 39, wherein the controller 1s configured to switch from the first
operating mode to the second operating mode after a first duration and/or when a temperature of
the heatsink is greater than a first threshold temperature, and wherein the controller is configured
to switch from the second operating mode to the first operating mode after a second duration and
the temperature of the heatsink is less than a second threshold temperature that i less than the

first threshold temperature.

47. The device of claim 39, wherein the heatsink is a passive heatsink.
48. The device of claim 39, wherein the controller is configured to cause the at least one

heating and/or cooling element to actively cool the surface.

49. The device of claim 39, wherein the at least one heating and/or cooling element is a
thermoelectric.
50. The device of claim 39, wherein the controller is configured to cause the at least one

heating and/or cooling element to change the first temperature to the second temperature at a first
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average rate at temperatures below a threshold temperature and at a second average rate that is

less than the first average rate at teroperatures above the threshold temperature.
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